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Editorial

Lipid—nucleic acid interactions and recognition represent
the least known and also least studied type of interactions
between biomacromolecules, which also include polysac-
charide—nucleic acid and polysaccharide—lipid interactions.
The almost one decade that has passed since the previous
special issue on nucleic acid-lipid interactions [Zhdadov and
Kaptien (eds.), Appl. Magn. Resonance 7 (1994) 1-147]
was published has witnessed a considerable increase of
interest in both fundamental and applied studies on DNA—
bound lipids and membranes. First, it could be shown that
pools of loosely and tightly bound lipids exist, which consist
of both neutral and charged phospholipids. Thus, the hypoth-
esis of two pools of DNA—bound lipids inside the genome
received new support, which keeps interest in this topic
going. Second, a number of papers were devoted to the study
of the structure of DNA-liposome complexes called lip-
oplexes (or genosomes) by a variety of techniques, and the
dependence of the transfection efficacy on the structure of
lipids in these complexes. This opened a wide field of
applications of lipoplexes with plasmid DNA (reporter genes
a well as therapeutic genes) in gene transfer. It should be
mentioned, however, that in clinics special attention is
currently also paid to gene transfer by means of electro-
poration (even in the case of therapeutic genes) as an
alternative technique for local gene therapy.

The papers in the present special issue address various
aspects of DNA—bound lipids and membranes. Review
articles summarize the achivements obtained in this field as
mentioned above, but also the many applications of lip-
oplexes for gene transfer and therapy. Moreover, natural
DNA-bound lipids, DNA-lipid recognition phenomena
and the characterization of complexes between DNA and
hydrophobic amines are discussed. This includes chromatin/
DNA-bound lipids and nuclear lipids, their role for DNA
structure and function (expression) in chromatin as well as
their metabolism. Original papers are devoted to interactions
between DNA and hydrphobic amines studied by optical
methods, and of nucleic acids with surfaces of organized
phospholipids, as well as to properties and applications of
DNA -lipid complexes. Small-angle synchrotron X-ray dif-
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fraction is used to study DNA —surfactant complexes, and the
electrostriction method with supported lipid membranes to
investigate the interaction of anionic surfactants, DNA—
surfactant complexes and DNA-lipid membrane interac-
tions. The role sphingosine for the DNA—lipid interaction
is examined by means of giant unilamellar liposomes, and the
DNA —phospholipid recognition is investigated by a compu-
tational technique. The importance of membrane—nucleic
acid interactions even for the origination of initial cells and
for the prokaryote-to-eukaryote transition is discussed.
Finally, three papers are devoted to the development of
DNA—based biosensors. Either supported lipid bilayers or
traditional solid supports are used for immobilization of
DNA, while detection is achieved by means of the electro-
ectivity of guanine or by electrochemical indicators of DNA
hybridization. We believe that these papers should provide
valuable information not only for the specialists but also for
all those working in various fields related to DNA—lipid in-
teraction and recognition, gene transfer and DNA biosensors.

We would like to express our gratitude to all authors who
contributed to this volume, as well as to A. Moskovtsev, A.
Elkady, and A. Shmyrina for technical help with manu-
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to the Bioelectrochemical Society, to Elsevier, and to the
Principal Editor Dr. Dieter Walz for support and for provid-
ing the opportunity to publish this issue.
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Abstract

The data on lipid—nucleic interactions and their role in vitro and in vivo are presented. The results of study of DNA—lipid complexes in
absence and in presence of divalent metal cations (triple complexes) are discussed. The triple complexes represent the generation of cellular
structures such as pore complexes of eucaryotes and “Bayer’s junctions” of procaryotes. The participation of triple complexes in the
formation of structure of bacterial and eucaryotic nucleoid and nuclear matrix is analysed. A model of formation of triple complexes and

cellular structures and their role in DNA—lipid interactions are discussed.

© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Understanding as an essence of life, a mode of existence
of protein bodies was transformed to a chain DNA—RNA -
protein, thanks to the discovery of double helix structure of
DNA, its replication and transcription modes by Watson and
Crick. This chain reflects the main paradigm of molecular
biology, which is practically unchanged to date. At the same
time, the coexistence of three main components in a cell,
namely proteins, nucleic acids and lipids, assumes poten-
tiality of existence of three main interactions between them:
protein—nucleic acids, lipid—proteins and lipid—nucleic
acids interactions. In spite of the evidence on existence of
these types of interactions, the DNA—lipid interactions were
almost completely ignored by most of the biologists to date.
It is therefore necessary to discuss some aspects of DNA—
lipid interactions and their role in the functioning of cells
and formation of a number of cellular structures.

2. DNA-lipid complexes in vitro
An idea about the possible involvement of bacterial

membranes in cellular genome functioning has appeared

" Tel.: +7-967-735243; fax: +7-967-790509.
E-mail address: vkuv@rambler.ru (V.V. Kuvichkin).

for the first time in 1963. Observation of attachment of
DNA to a bacterial membrane by Jacob et al. [1] by means
of electron microscopy lead to the assumption that DNA—
membrane contacts (complexes) can participate in the seg-
regation of chromosomes between daughter cells. In this
work, the role of lipids in the attachment of DNA to a
membrane was not mentioned. However, data on electron
microscopy that provided evidence on numerous DNA-—
membrane contacts (further DMC) in vivo [2], as well as the
fact that the membranes are composed of lipids by 40—60%,
have forced some scientists toward research, focused on the
study of the DNA-Ilipid interactions on various model
systems.

Manzoli et al. [3,4] reported considerable changes of
parameters of DNA melting as a consequence of interaction
of DNA with various lipids dissolved in 70% ethanol
solution. The ethanol was used for better solubility of lipids.
Lipids are only weakly soluble in water, but form micelles
or liposomes. These particles, however, cause intensive light
scattering, which represent major limit for application of
light spectroscopy methods. Therefore, the results of the
study of DNA—liposome complexes by spectroscopy meth-
ods were ambiguous. Manzoli et al. showed both stabilizing
and denaturing effect of various lipids on DNA. Experi-
ments with DNA—liposomes complexes revealed a deple-
tion of DNA melting peak when DNA molecules were
inside the liposomes [5]. However, this observation has
not been confirmed by other authors [6].

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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IR spectroscopic analysis of DNA—-Ilipid complexes
(total fraction of lipids of a rat liver) showed existence of
DNA denaturation at the presence of these lipids [7]. It is,
however, possible, that denaturation of DNA could be
caused by the procedure of drying—rehydration. This pro-
cedure is necessary for preparation of DNA-lipid com-
plexes for IR-spectroscopy.

The data of calorimetric study of the complexes: polyA-
polyU-phosphatidylcholine liposomes in absence of diva-
lent cations have shown minor changes of profile in the
melting of lipid and polynucleotide [8]. Thus, despite the
existence of the interactions of DNA with liposomes com-
posed of zwitterionic or negatively charged phospholipids,
these interactions do not cause significant changes in the
structure of complexes or their components, except in some
special methods of preparation of complexes (using organic
solvents, drying—rehydration, placement of DNA inside
liposomes, etc.).

Almost simultaneous with the start of the research of
DNA-lipid interactions in vitro, Budker et al. [9] have
revealed the existence of specific interactions between
zwitterionic phospholipids and polynucleotides at the pres-
ence of divalent metal cations (Me®"). These complexes,
according to our opinion, play an important role in a cell.

2.1. Role of divalent cations in the interaction of DNA with
phospholipids

During the study of DNA-—phosphatidylcholine lipo-
somes—Mg” " complexes, Budker et al. [9] have detected
that DNA can interact with liposomes composed of zwit-
terionic liposomes by means of a bridge from divalent
cations. In further works, an extensive study of triple
complexes has been performed [8,10—13].

The brief summary of the results of the study of triple
complexes is listed below:

(1) DNA forms complexes with three main lipids: phos-
phatidylcholines (PC), phosphatidylethanolamines (PE)
and sphingomyelines (SM), the addition of other lipids
increases or decreases these interactions [8];

(2) Ability of divalent cations to form complexes with DNA
and PC correlates with a degree of binding of these
cations with PC [8];

(3) The liposomes fuse partially or completely with presence
of Me? ", and DNA, i.e. DNA plays a role of fusogene
[12];

(4) DNA is partially unwounded in triple complexes [8,9];

(5) DNA molecules in triple complexes become restrictedly
accessible to action of DNAse I, but are more accessible
to digestion of Sl-endonuclease [9];

(6) By means of *'P-NMR technique, a strong change of
signal connected with phosphate groups of PC was
shown, an evidence on the formation of triple
complexes between phospholipids, DNA and Mg”"
[10];

(7) A cooperative character of binding of Mn”>* in the
complex DNA—-PC was shown [12];

(8) In addition to the double-stranded DNA, a three-stranded
polynucleotide polyA *2polyU forms triple complexes
as revealed by microcalorimetry [13].

Binding energy between phospholipid and DNA mole-
cules by means of bridges of Mg® " is comparable with that
of hydrogen bounds between the basis of DNA ( ~ 2 to 3
kcal/mol per one base pair).

The triple complexes and DNA—membrane complexes
were studied simultaneously but independently from each
other, that did not promote development of these both
directions.

2.2. Interaction of DNA with cationic liposomes

The study of the mechanisms of interaction of aliphatic
amines with DNA, first interested some physico-chemists,
has become explosive after successful application of DNA—
cationic liposomes complexes in gene therapy [14]. Such
complexes are related to triple complexes: DNA —liposomes
from zwitterionic phospholipides—Mg® . According to our
opinion, triple complexes represent a simplified model of
DMC, and complexes of aliphatic amines with DNA could
be considered as a model of triple complexes. In contrast
with labile triple complexes, where the bridge between
DNA and phospholipid formed by Mg?* represents a
certain analog of a joint connection of molecular skeleton,
the direct bounds between amines and phosphates reveal
lower degree of freedom. A strong interaction between
DNA molecules and aliphatic amines also allowed the study
of these interactions easier by various techniques. Never-
theless, the complexes of cationic liposomes and DNA
reveal many properties that are similar to the triple com-
plexes.

It has been shown that aggregation and fusion of cationic
liposomes take place in the presence of DNA [15—17]. The
changes of DNA structure were observed at certain methods
of preparation of complexes. Cationic liposomes composed
of 100% DOTAP bor DOTAP/DOPE (1/1) liposomes,
induced instantaneous transition of the plasmid DNA from
the B- toward a partial C-type conformation as shown by
circular dichroism (CD) spectroscopy [18]. The interaction
of DNA with aliphatic amines also induces changes in phase
state of lipid bilayer. For a wide range of lipid compositions,
the phase evolution is characterized by lipid to DNA charge
ratio [19]. These complexes of type “‘spaghetti”” and lamel-
lar structures [19] have been found also in triple complexes
and invaginations of liposomes similar to endocytosis has
been observed at contacts of DNA with large liposomes or
cells [20]. The possibility of formation of various three-
dimensional structures from neutral unilamellar liposomes
in triple complexes is, according to our opinion, higher in
comparison with positively charged liposomes. It is due to
the fact that Mg®>" bridges are easily disturbed and
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rebounded at a complex formation, which, obviously, does
not hold for DNA —cationic lipid complexes. Therefore, the
study of triple complexes is more valuable for understand-
ing the DMC formation in a cell.

Complexes of DNA and lipid monolayers composed of
cationic lipids (Langmuir—Blodgett films) unlikely form the
triple complexes [21,22] and are far from cell-like DMC.
However, these complexes are probably good models of the
so-called tightly DNA-bounded lipids [23]. In order to
understand the nature and possible functions of intranuclear
lipids, we shall consider how these lipids can be linked to
DNA -membrane complexes.

2.3. Lipids of chromatin and nuclear matvix and their
involvement in function of cell nucleus

In addition to DNA, RNA and proteins, a minor amount
of lipids are present in isolated nucleus. The composition of
lipids in chromatin is different from that of nuclear enve-
lope. This difference cannot be explained by contamination
of the chromatin lipids by components of nuclear membrane
during the isolation procedure [24]. The kinetics of lipid
accumulation in a chromatin differs from that in the whole
nucleus. This allows us to assume the existence of space
separation of chromatin lipids and other lipids present in the
nucleus [25]. The changes of lipid composition of a chro-
matin at partial haepatectomy [26] and at cell treatment by
hormones [27] have been shown.

With an organism ageing, the composition of lipids in a
chromatin of rat haepatocytes undergoes changes in such a
way that it does not correlate with changes of lipid compo-
sition in nuclear membrane [28]. The phospholipids in
nucleus of haepatocytes are localized close to RNA in a
fraction of euchromatin. This may be an evidence of their
participation in DNA and RNA synthesis [28,29].

The relation between lipids of chromatin and lipids of
nuclear matrix is not clear yet [30]. Namely, the phospho-
lipids in nuclear matrix directly or indirectly link DNA with
matrix proteins [30]. Evidence that removal of sphingomye-
lin from a nuclear matrix by means of sphingomyelinase
results in displacement of all DNA from matrix [31] may
indicate an existence of direct DNA—sphingomyelin inter-
action. Evidence that the sphingomyelin forms the strongest
triple complexes in vitro [8] only confirms this suggestion.
At the same time, approximately 50% of a sphingomyelin
ware removed during treatment of rat liver nucleus by
RNAase [29]. It can be suggested that lipids help keep
DNA and RNA in a nuclear matrix.

Manzoli et al. investigated the influence of phospholipids
on both the structure and matrix function of chromatin of an
isolated cell nucleus. They found that the phosphatidylserine
vesicles have removed the histone H1 from chromatin. This
effect is probably the main reason of decondensation of
chromatin [32]. In a similar manner, the anionic lipids
induce chromatin decondensation and increase its transcrip-
tion activity [4]. In contrast, zwitterionic phospholipids

reveal an opposite effect [33]. The treatment of nuclear
matrix by phospholipases results in a release of newly
synthesized DNA from matrix [30]. This evidence coincides
with the data reported by Alesenko et al. [31].

In addition to the lipids of chromatin and nuclear matrix,
another strongly DNA-bounded lipid is present in the
nucleus. These lipids have specific composition in different
phases of cell cycle and depending on superhelicity of DNA,
at carcinogenesis [34]. According to Struchkov and Strazev-
skaya [35], these lipids participate in the regulation of DNA
transcription. They also suggested that these lipids play an
important role in the organization of DNA in the nucleus.

We suggest that DNA —lipid complexes reported in paper
[35] can be formed in a cell in the presence of divalent
cations, i.e. like complexes of DNA with synthetic cationic
lipids or the complexes of DNA with sphingosine. In
addition, the appearance of these complexes during isolation
of chromatin cannot be excluded. The complexes between
DNA and separate lipids could appear in a nonpolar
environment, e.g. when detergents and phenol are used at
chromatin isolation. It is obvious that the composition of
lipids interacting with DNA will be different in the presence
of TritonX-100, which is used at isolation of nuclear matrix,
or phenol, used at the procedure of determination of
chromatin lipids [35]. Moreover, the composition of these
lipids will differ from lipids of a nuclear membrane. From
the data mentioned above, it follows that at least three types
of localization of lipids inside a nucleus reported by differ-
ent authors could have an artifact origin. There exist only a
hypothesis on how these lipids interact with DNA and what
their functions are in a cell.

In addition to Capitani et al. [36], Alesenko and Burla-
kova [37] also studied influence of lipids on enzymes of
template synthesis. For review on influence of lipids on
activity of the enzymes controlling replication and tran-
scription, see Ref. [35]. It has been shown that lipids affect
an isolated DNA and RNA polymerases as well as isolated
nuclei, when liposomes are added in corresponding solu-
tions [36]. For example, phosphatidylserine increased both
DNA-, and RNA-polymerase activity, and in contrast,
zwitterionic lipids reduced it. At the same time, phosphati-
dylcholine vesicles at the presence of Mg> " ions stimulate
the activity of a DNA polymerase alpha [38] and DNA
polymerase of Escherichia coli [39].

The mentioned data represent convincing proof of
involvement of phospholipids in a gene statement at a level
of a regulation of activity of enzymes of template synthesis.

3. DNA-membrane complexes in vivo

As we mentioned above, the first data on DNA binding to
a membrane were obtained by electron microscopy [2].
Results of study of DMC were reviewed in a number of
works [40—43]. Bayer [44] has shown that in bacteria there
exist so-called zones of adhesion between a bacterial wall and
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cytoplasmic membrane, to which DNA is attached. There
exist from 100 to 400 of such contacts in a cell. It has been
assumed that the site of DNA attachment to a nuclear
membrane of eucaryotes are the pores [13,45]. Near to the
nuclear pores the chromatin is in a diffuse state, and therefore,
is transcriptionally active [25,40].

In 1970-1980, an attempt was made to isolate a fraction
of DMC and to analyze its biochemical composition. For this
purpose, the cells have been gently lysed in presence of Mg-
sarcosylate and so-called “M-band” fraction has been
obtained. This fraction contained DNA, enriched by moder-
ate repeats, newly synthesized DNA, RNA and proteins
[45—-47]. There is no information on lipid composition of
“M-band” fraction. However, there is evidence on changes
of lipid composition of nuclear envelope in cells, with
increased level of transcription and the replication. This fact
may suggest on important role of lipids in template synthesis
of DNA and RNA [31].

The involvement of DMC in an initiation of replication
and transcription and in a regulation of gene statement has
been suggested. Just like these functions have been assigned
for the existence of moderate repeats in DNA [40,41]. Further
research as well as improvement of the methods of isolation
of DMC fractions has not been continued, mostly due to a
general fascination in study of nuclear matrix [48]. In con-
nection with a present topic, it is necessary to stress a problem
of structure of bacterial and eucaryotic nucleoid, which are
directly related both to DMC and to the nuclear matrix.

3.1. DMC and nucleoid of bacteria and eucaryotes

The problem of packaging of giant DNA (1-2 cm in
length) in bacteria, whose size does not exceed several
microns, is comparable with complexity of packaging DNA
in eucaryotic chromosomes. After a mild lysozyme-detergent
lysis of bacteria, the structure called as a nucleoid (““chro-
mosome”’) of bacteria was detected by electron microscope.
The nucleoid represents closed loops of DNA, outgoing from
common center. There exist about 100 such closed loops. The
amount of loops is influenced by a number of factors [49].
Under the action of RNAase H, pronase, S1-endonuclease
and other factors, these closed loops are split off from a center
and the nucleoid undergoes relaxation. This fact is an
evidence of the existence of open structures in DNA [50].

As soon as the nucleoids have been prepared from
eucaryotic nucleus [51], the assumption was made that inside
the bacteria there exists same compact structure as in chro-
mosomes of eucaryotes. However, electron microscopy of
bacteria did not reveal any structure similar to chromosomes-
like structures and no central core nucleoid containing outer
and inner membrane of bacteria, as in “membrane bound”
nucleoid [49].

We developed a model on the formation of bacterial
nucleoid with participation of DNA—membrane complexes,
and a model of the DNA—membrane contacts [52,53]. The
essence of this model is in the following. Both in a native

bacterial cell, and in an interphase nucleus of eucaryotes,
DNA is attached to a membrane in many points. This
arrangement is the basis of further structure of nucleoid.
This structure can arise from the treatment of a nucleus or
bacterial cell by detergents and the removal of a large part of
the membrane preserving some part of DMC. As a result of
this process, a small membrane island with closed loops of
attached DNA appears. This structure, i.e. nucleoid, is
observed in electron microscope; however, it does not exist
in a native cell (Fig. 1).

According to our opinion, the similarity of a nucleoid of
bacteria and eucaryotes consists, in fact that DNA in an
interphase nucleus and dividing cells of bacteria is attached to
a membrane in a number of sites. This condition is necessary
for normal transcription and replication. In addition, the
structure of DMC and the method of its formation in bacteria
and eucaryotes are according to our similar model. According

(d)

\ @

Fig. 1. The model of formation of bacterial and eucaryotic nucleoid: (a)
native state of bacterial cell (nucleus of eucaryotes) with many DMC; (b)—
(d) the formation of membrane-bound nucleoid of bacteria; (e)—(g) the
formation of membrane-free nucleoid of bacteria (eucaryotic nucleoid).
Tn—the temperature of phase transition of a membrane (see Ref. [35] for
details).
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to this model, DNA is attached to a membrane at the so-called
regulatory sites (promotors, sites of initiation of replication,
which according to reassociation kinetics belong to the
moderate repeats). We suggest that at DNA—membrane,
binding sites are also localized low molecular RNA (l.m.w.
RNA). These RNA form a triple helix with DNA, which due
to its interaction with a membrane lipids unwind already at a
room temperature and forms a classical R-loop: DNA—-RNA
hybrid and a single-stranded DNA [40,41]. In contrast to a
double helix DNA, the three-stranded hybrids unwind at
lower temperature, and thus could be easily attached to a
membrane.

The hypothesis on the role of R-loops in a regulation of
gene statement was popular in 1970s, however, many
authors follow it at present [54]. We recently showed that
three-stranded nucleic acids could form complexes with PC-
liposomes, which results from the unwinding at a room
temperature [13]. It is known that a low molecular weight
RNA (I.m.w. RNA) is able to bind with chromatin and could
form three-stranded helix. The role of Lm.w. RNA in a
regulation of transcription was earlier reported in Ref. [55].

The data on relaxation of the nucleoid structure induced by
RNAse enzyme, which destroys the DNA—RNA hybrids,
confirm the opinion on participation of triple helix structures
on DNA attachment to a membrane [49]. An opinion exists
that nuclear pores and “Bayer’s junction” are the sites of
attachment of DNA to a membrane. The DNA sites between
pores and “Bayer’s junction™ are, according to our model,
replicons. However, number of loops in a nucleoid is less than
the number of replicons owing to particular destruction of
DMC by detergents during the isolation of nucleoids.

3.2. Nuclear pores and lipid nucleic acids interactions

It is known that at the end of a prophase, the nuclear
pores are formed simultaneously with assembly of new
nuclear envelope. The membrane vesicles that appeared
due to breakdown of old nuclear envelope and sarcoplasmic
retikulum are involved in this process [56]. Apparently, the
assembly of nuclear pores in an interphase is realised by
another way [53].

We suggested following multistage way of formation of
interphase pore (Fig. 2): Interaction of chromatin DNA,
which is in form of nucleosomes, with internal nuclear
membrane resulting in an invagination of a membrane in
the direction of cytoplasm. This process has some peculiar-
ities of endocytosis and is commonly observed in gene
therapy during lipofection. As a result, a contact with outer
nuclear membrane arises (Fig. 2a).

The histones should not prevent the interaction of DNA
with a membrane, because as it is known, they interact both
with negatively charged [58], and with neutral phospholi-
pids [59]. Moreover, recent studies on DNA transfer into the
cells showed, that histones promote penetration of DNA
through a membrane [60]. Thus, it might be possible that
DNA (chromatin) is capable to penetrate into lipid bilayers

060000000606 00000000,000000080000006000
001135

Fig. 2. Scheme of the interphase of DMC formation: (a) contact of DNA
(chromatin with inner membrane and their invagination by endocytosis
type); (b) partial fusing of two membranes, unwind of R-loop, the formation
of pore complexes or Bayer’s junction of procaryotes; (c) break of
membrane diaphragm and DNA unwinding for the size more than R-loop
under action of surface tension.

where, in lipid environment, the triple helix unwinds with
formation of R-loop (Fig. 2b). This process is accompanied
by a fusion of two membranes and formation of a nuclear
pore (Fig. 2¢) [53].

Despite that we will not discuss the role of nuclear or
membrane proteins in formation of nuclear pores, this process
should not be completely eliminated. We suppose that there
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are no, other than RNA, molecules that would be able to
recognize DNA regulatory sites and promote their attachment
to a membrane.

For low molecular weight RNA (200 nucleotides that
corresponds to the length of .Lm.w. RNA Ul and U2 types
and at a surface tension of nuclear membrane, which is in a
range of 0.02—5.0 mN/m) corresponding to a surface tension
of the majority of biological membranes, the calculated
diameter of pores (616 nm for Ul RNA and 722 nm for U2
RNA) is consistent with a diameter of nuclear pores observed
by electron microscopy (600—800 nm) [41,11,53]. The
process of formation of nuclear pores in late anaphase from
membrane vesicles at the moment of a chromatin deconden-
sation [11,56] is presented schematically in Fig. 3. This
process consists of several stages:

— the fusion of two vesicles when DNA (or DNA—-RNA
hybrid) is localized between vesicles. The DNA plays a
role fusogene;

(a) (b)

— uwinding of R-loop on equator of the large vesicle which
appeared from two fused vesicles;

— fusion of eight vesicles with the large vesicle, which is
encircled on equator with single stranded DNA and
DNA-RNA hybrids, formation of prepore;

— fusion of remaining vesicles with a prepore membrane on
its perimeter with formation of fragments of a nuclear
envelope with pores;

— fusion of fragments of the nucleus envelope and vesicles
in a native nuclear envelope.

From the proposed model, it follows that there are two
various ways of fusion of vesicles: first is induced by
fusogene DNA, second consisting in a fusion of vesicles
with prepore and among them is induced by other factors,
different from DNA, and leads to formation of a nuclear
envelope.

The scheme presented above is supported by data, which
evidence that the pores and the membrane of nuclear enve-

Fig. 3. The model of nuclear pores assembly in late anaphase: (a) DNA is located between two membrane vesicles; (b) partial fusion of two membrane vesicles
under action of DNA as fusogene, the R-loop formation; (c) full vesicles fusion, prepore formation; (d) fusion of eight vesicles with prepore under action of
another’s fusogenes (not DNA); (e) the formation of functionally active pore complexes with the patches of nuclear envelope. The role of many proteins in
formation of pore complexes was not shown. The number 1 in scheme is the hole in nuclear envelope forming true “diffused diameter” of nuclear pore [38].
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lope are formed from different populations of membrane
vesicles [57]. The structure and the way of formation of pores
have been scopes of a number of papers; however, the role of
lipids and DNA in this process was not discussed, i.e. the
existence of direct DNA —lipid interactions is ignored. How-
ever, there are many data supporting our model. Thus, it is
obvious that the existence of membrane diaphragm almost
completely overlaps the pore of the channel. The electron
microscopy data obtained by freeze-etching method, which in
a most degree preserve the native state of nuclear envelope,
evidence on the existence of such a diaphragm in nucleus
pores at the samples of nucleus envelope. Considering the
above-mentioned experimental data, it seems that our model
is preferable in comparison, with suggestion on open and
close nucleus pores presented by other authors [61].

According to our model, the DNA unwinds in areas of
nuclear pore. Therefore, the filaments connecting the pores
are visible on the fraction of a nuclear envelope, after
various treatments that expose the pore complexes. The
treatment of nuclear envelope by 1 M NaCl, trypsin and
RNAase does not result in disappearance of these filaments
[62]. It is clear that the treatment of the nuclear envelope by
DNAase would result in disruption of the filaments; how-
ever, this peculiarity has not been studied in the mentioned
work. The nuclear pores linked by DNA filaments DNA
seems to be the most stable structures of a nucleus. They are
stable after the treatment by DNAase-I, RNAase, 1.5 M
NaCl, but can be destroyed by 25 mM NaOH [63]. This
peculiarity confirms our model of nuclear pores based on
the presence of hybrid DNA—Lm.w. RNA, which as it is
known is destroyed by alkali.

The necessity of divalent cations for formation of pore
complexes was proved in experiments with chelators that
bind Ca®* and Mg®*. Addition of chelators results in the
diminishing of pore complexes [59]. The data on possibility
of formation of a nuclear envelope with pores in an extract
Xenopus laevis in absence of DNA [64] are on a first view
against our model. However, presence of a number of
double-stranded RNA in plasm [65] as well as presence of
not chromosomal DNA, which is present in cytoplasm of
many cells [65] and which can initiate the formation of pore
complexes, makes this argument inconsistent. The evidence
of our opinion is the last data about connection of chromatin
with nuclear envelope [66].

3.3. Nuclear matrix and lamina

The data presented above give a new view on the role of
such structures as nuclear lamina and nuclear matrix in
nuclear pores assembly and on their function in gene state-
ment. The procedure of preparation of a nuclear matrix
includes application of detergents that are also used for
isolation of nucleoid. It also includes DNAase that destroys
total DNA. During this procedure, the DNA linked with a
membrane (DMC) is not destroyed and is transformed to a
nuclear matrix structure together with residuals of lipids and

proteins of a nuclear envelope. The resulting complex is far
from structures existing in native cells. As a result, the
proteins, lipids and the residuals DNA of nucleotide core
(center of a nucleoid) should be identical to the proteins and
DNA of a nuclear matrix. Moreover, according to our
opinion, the condensation of eucaryotic chromosome starts
on a surface of a nuclear envelope and the looped chromo-
some structure completely reproduce DNA loops between
DMC and loops of nucleoids. This leads to similarity of
proteins of nuclear matrix with so-called ““scaffold” chro-
mosomes.

Some authors assume that the nuclear matrix can be
artificial structure [67]. The fraction of nuclear matrix
obtained by biochemists has structure which is far from
native structure of the matrix in cell nucleus because both
proteins of a nuclear envelope, as well as the DNA fragments
(regulatory sites, newly synthesize DNA and RNA) passing
into a nuclear matrix as a result of the removal of a nuclear
envelope by detergents [68]. Therefore, all functions, namely
attachment of DNA loops, regulatory sites of DNA, newly
synthesized DNA and RNA, enzymes of matrix synthesis,
etc., assigned earlier to DMC, refer to a nuclear matrix [48].
According to our opinion, there is only one advantage of this
structure, which consists in the fact that isolation of nuclear
matrix by means of biochemical methods is easier than
isolation of DNA—membrane complexes. In addition to the
proteins, lipids are also involved in a nuclear matrix [33,69].
It has been shown in vitro experiments that these lipids can
form complexes with DNA in the presence of detergents
[68,70]. This is also a way of allowing transfer of some lipids
of nuclear envelope into the nuclear matrix [68].

The composition of lipids of a nuclear matrix will be
obviously different from lipids of a nuclear envelope,
because not all lipids will strongly contact with DNA at
these conditions. At the same time, the part of intranuclear
proteins can aggregate with nuclear membrane protein
residues, forming, as a result, the structure of a classical
nuclear matrix. Recent electrophoretic analysis of nuclear
matrix proteins has shown that the majority of its proteins
belong to heterogenous nuclear ribonucleorproteins
(hnRNP) [71]. The data [72] that the protein composition
of nuclear matrix changes depending on presence and
concentration of Mg?" ions confirm, according to our
opinion, the artificial character of matrix.

The above-mentioned suggestion is also confirmed by
data evidencing on the removal of all DNA from the matrix
after its treatment by sphingomyelinase [31]. According to
our data, the sphingomyelin forms the strongest bound with
DNA with the presence of divalent metal cations [8]. The
detachment of all DNA from a nuclear matrix by action of
sphingomyelinase indicates that lipids and not proteins
provide link of DNA to the matrix and consequently also
with nuclear envelope, from which DNA moves to a nuclear
matrix.

Concerning nuclear lamina (“‘net” of proteins, connected
with internal nuclear membrane), it can be assumed that this
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structure appears due to accumulation of appropriate proteins
near the nuclear envelope around decondensed chromatin.
Data on linkage of lamina proteins with DNA in a prophase of
cell cycle and their subsequent accumulation between DNA
and internal nuclear membrane after release from this link
[73] are not in contrast with previous opinion. We suppose
that lamina represent simply an aggregation of proteins that
are exported to the cell nucleus through pores or detached
from a chromatin after its complexation with a membrane, or
during of DNA transcription and replication. On the other
hand, the lamina proteins of types A, B and C are detected in
the nuclear envelope [74] and they are probably moved from
this place to a near membrane area. This process is initiated
by protein release from protein—DNA complexes. Addition-
ally, DNA sites are detached from the complex with a
membrane in the S-phase, and are permanently substituted
by a newly formed DNA —membrane complexes.

The monoclonal antibodies against lamina proteins of
Drosophila melanogaster specifically interact with a frac-
tion of a nuclear envelope in situ [75]. Recent studies show
that the proteins of lamina are very motile in cell cycle both
in respect to their structure and quantity as well as with
respect to subcellular localization [76]. Thus, classification
of lamina proteins as a special cell structure and relation of
their function with a nuclear skeleton is not justified. We
suppose this is the function of chromatin. Nevertheless, the
large number of works is devoted to the study of the role of
lamina proteins, lamina in pore complex formation. Due to
evident role of some nuclear proteins in assembly of a
nuclear envelope, it is impossible to ignore these works, as it
is impossible to ignore a role of direct phospholipid—nucleic
acids interactions in this process. With respect to our model,
these proteins can promote fusion of membrane vesicles, but
can also block this process by means of decreased inter-
action between lipids and DNA in a defined phase of cell
cycle.

Without any doubt, the double-nuclear membrane repre-
sent basis of the nuclear structure. The DNA is attached to this
membrane at sites of nuclear pores. The study of structure,
formation and destruction of DMC in a cell as well as study of
involvement of lipids and proteins of cell envelope into
replication, transcription and in formation of chromosomes
is possible with the existing methods. At the same time, it is
necessary to understand the contribution of DMC to forma-
tion of nuclear matrix, nucleoid and lipids of a chromatin by
means of the methods utilizing destruction of cell nucleus.
We suppose that investigation of DMC is the basic way to
study the assembly and function of a cell nucleus and state-
ment of cell genome. Without this knowledge, the gene
sequence will only be dead letters in the great book of life.

References

[1] F. Jacob, S. Brenner, F. Cuzin, On the regulation of DNA replication in
bacteria, Cold Spring Harbor Symp. Quant. Biol. 28 (1963) 329—-348.

[2] A.T. Ganesan, J. Lederberg, A cell-membrane bound fraction of bac-
terial DNA, Biochem. Biophys. Res. Commun. 18 (1965) 824 —835.

[3] F.A. Manzoli, J.H. Muchmore, B. Bonora, S. Capitani, S. Bartoli,
Interaction between sphingomyelin and DNA, Biochim. Biophys. Ac-
ta 277 (1972) 251-255.

[4] F.A. Manzoli, J.H. Muchmore, S. Capitani, B. Bonora, S. Bartoli,
Lipid—DNA interactions: II. Phospholipids, cholesterol, glycerophos-
phorylcholine, spingosine and fatty acids, Biochim. Biophys. Acta
340 (1974) 1-15.

[5] B. Brossius, D. Reisner, Influence of lipid membranes on the confor-
mational transitions of nucleic acids, J. Biomol. Struct. Dyn. 4 (1986)
271-278.

[6] E.E. Bichenkov, V.G. Budker, 1.K. Korobeinicheva, E.V. Savchenko,
V.V. Filimonov, DNA interaction with phosphatidilcholine liposomes.
Melting of DNA and phase transition of membrane lipids in the com-
plexes, Biol. Membr. (Moscow) 5 (1988) 501-507.

[7] L.I. Shabarshina, B.I. Sukhorukov, V.V. Kuvichkin, Infrared spectro-
scopic study of DNA-lipid interactions. DNA compacting on dis-
perse particles, Biofizika 24 (1979) 990—-994.

[8] V.V. Kuvichkin, A.G. Sukhomudrenko, Interaction of natural and
synthetic polynucleotides with liposomes in the presence of divalent
cations, Biofizika (Mosk.) 32 (1987) 628—633.

[9] V.G. Budker, A.A. Godovikov, L.P. Naumova, I.A. Slepneva, Inter-
action of polynucleotides with natural and model membranes, Nucleic
Acids Res. 7 (1980) 2499-2515.

[10] A.V. Viktorov, A.A. Grepachevsky, L.D. Bergelson, DNA —phospho-
lipid interaction. *'P NMR investigation, Bioorg. Him. (Moscow) 10
(1984) 935-939.

[11] V.V. Kuvichkin, Ultrastructural study of DNA —liposomes—Mg> "
complexes, Biofizika (Mosk.) 35 (1990) 256—262.

[12] V.V. Kuvichkin, L.A. Volkova, E.P. Naryshkina, F.Sh. Isangalin, >'P-
NMR and Mn?*-ESR study of complexes of DNA —liposomes, Bio-
fizika (Mosk.) 34 (1989) 405—-409.

[13] V.V. Kuvichkin, S.M. Kuznetsova, V.I. Emeljanenko, R.I. Zhdanov,
AL Petrov, Calorimetric study of the complexes: polyA * polyU-phos-
phatidylcholine liposomes—Mg?*, Biofizika 44 (1999) 430—435.

[14] D.D. Lasic, H. Strey, M.C.A. Stuart, R. Podgorik, P.M. Frederik, The
structure of DNA—liposome complexes, J. Am. Chem. Soc. 119
(1997) 832—-833.

[15] S. Huebner, B.J. Battersby, R. Grimm, G. Cevc, Lipid—DNA complex
formation: reorganization and rupture of lipid vesicles in the presence
of DNA as observed by cryoelectron microscopy, Biophys. J. 76
(1999) 3158—3166.

[16] H. Gershon, R. Ghirlando, S.B. Guttman, A. Minsky, Mode of for-
mation and structural features of DNA —cationic liposome complexes
used for transfection, Biochemistry 32 (1993) 7143—7151.

[17] S. May, A. Ben Shaul, DNA -lipid complexes: stability of honey-
comb-like and spaghetti-like structures, Biophys. J. 73 (1997)
2427-2440.

[18] N.J. Zuidam, Y. Barenholz, Characterization of DNA—lipid com-
plexes commonly used for gene delivery, Int. J. Pharm. 183 (1999)
43-46.

[19] D. Harries, S. May, W.M. Gelbart, A. Ben-Shaul, Structure, stability,
and thermodynamics of lamellar DNA—lipid complexes, Biophys. J.
75 (1998) 159—-173.

[20] D.S. Friend, D. Papahadjopoulos, R.J. Debs, Endocytosis and intra-
cellular processing accompanying transfection mediated by cationic
liposomes, Biochim. Biophys. Acta 1278 (1996) 41—-50.

[21] M.M. Montrel, G.B. Sukhorukov, A.I. Petrov, L.I. Shabarchina, B.I.
Sukhorukov, Spectroscopic study of thin multilayer films of the com-
plexes with nucleic acids with cationic amphiphiles and polycations:
their possible use as sensor elements, Sens. Actuators, B, Chem. 42
(1997) 225-231.

[22] C. Nicolini, V. Erokhin, P. Facci, S. Guerzoni, A. Ross, P. Paschke-
vitsch, Quartz balance DNA sensor, Biosens. Bioelectron. 12 (1997)
613-618.

[23] V.A. Struchkov, N.B. Strazhevskaia, DNA-bound lipids from eukary-





V.V. Kuvichkin / Bioelectrochemistry 58 (2002) 3—12 11

otic (loach spermatozoa, pigeon erythrocytes) and prokaryotic (E. coli
B, phage T2) cells, Biohimia 55 (1990) 1266—1275.

[24] M.P. Viola-Magni, P.B. Gahan, J. Pacy, Phospholipids in plant and
animal chromatin, Cell Biochem. Funct. 3 (1985) 71-78.

[25] Yu.S. Kaznacheev, T.P. Kulagina, L.N. Markevich, I.LK. Kolomiitseva,
A M. Kuzin, Metabolism of chromatin lipids in rat liver and thymus,
Mol. Biol. (Mosc.) 18 (1984) 607—-612.

[26] A.V. Alesenko, E.A. Pantaz, Differences in the composition of nuclear
and chromatin phospholipids in proliferating rat liver cells after partial
hepatectomy, Biohimia (Mosk.) 48 (1983) 263 -268.

[27] E.S. Gevorkian, Zh.V. lavroian, G.A. Panosian, Changes in the phos-
pholipid composition of rat liver chromatin during treatment with
hydrocortisone, Ukr. Biohim. Z. (Kiev) 57 (1985) 78—8]1.

[28] E. Albi, M.V. Magni, R. Lazzarini, P.B. Gahan, Chromatin phospho-
lipid changes during rat liver development, Cell Biochem. Funct. 9
(1991) 119-123.

[29] E. Albi, M. Micheli, M.P. Viola Magni, Phospholipids and nuclear
RNA, Cell Biol. Int. 20 (1996) 407—-412.

[30] L. Cocco, A.M. Martelli, A.M. Billi, A. Cataldi, S. Miscia, M.R.
Mottola, L. Manzoli, Phospholipids as components of the nuclear
matrix: their possible biological significance, Basic Appl. Histo-
chem. 31 (1987) 413-419.

[31] A.V. Alesenko, V.A. Krasil’nikov, P.Yu. Boikov, Participation of
sphingomyelin in the formation of a DNA bond with the nuclear
matrix in the replication process, Dokl. Akad. Nauk SSSR (Moscow)
273 (1983) 231-234.

[32] L. Cocco, S. Papa, N.M. Maraldi, P. Santi, A.M. Martelli, R. Rizzoli,
F.A. Manzoli, Chromatin structural transitions following histone H1
displacement by phosphatidylserine vesicles and low pH treatment. A
multiparametric analysis involving flow cytometry, electron micro-
scopy, and nuclease digestion, J. Histochem. Cytochem. 36 (1988)
65-71.

[33] N.M. Maraldi, F. Marinelli, S. Papa, A. Galanzi, F.A. Manzoli,
Changes of chromatin organization induced by phospholipids, Basic
Appl. Histochem. 31 (1987) 421-428.

[34] V.A. Struchkov, N.B. Strazevskaya, Structural and functional aspects
of nuclear lipids of normal and tumor cells, Biohimia (Mosk.) 65
(2000) 620—643.

[35] V.A. Struchkov, N.B. Strazevskaya, DNA-binding lipids: composition
and possible functions, Biohimia (Mosk.) 58 (1993) 1154—1174.

[36] S. Capitani, L. Cocco, N.M. Maraldi, S. Papa, F.A. Manzoli, Effect of
phospholipids on transcription and ribonucleoprotein processing in
isolated nuclei, Adv. Enzyme Regul. 25 (1986) 425-438.

[37] A.V. Alesenko, E.B. Burlakova, Role of phospholipids in DNA syn-
thesis in mammalian cells, Dokl. Akad. Nauk SSSR (Moscow) 229
(1976) 199-202.

[38] S. Capitani, G. Mazzotti, R. Jovine, S. Papa, N.M. Maraldi, Effect of
phosphatidylcholine vesicles on the activity of DNA polymerase-
alpha, Mol. Cell. Biochem. 27 (1979) 135—-138.

[39] F. Novello, J.H. Muchmore, B. Bonora, S. Capitani, F.A. Manzoli,
Effect of phospholipids on the activity of DNA polymerase I from E.
coli, Ital. J. Biochem. 24 (1975) 325-334.

[40] V.V. Kuvichkin, The role of membrane in organization and gene state-

ment of procaryotes and eucaryotes: 1. The DNA—membrane com-

plexes: data about their structure and functions. Moscow, 1982, p. 68.

Dep. in VINITL.09.04.82. N 2199-82.

V.V. Kuvichkin, The role of membrane in organization and gene state-

ment of procaryotes and eucariotes: II. Quantitative model of DNA—

membrane contacts. Moscow, 1982, p. 72. Dep. in VINITI. 09.04.82.

N 2388-82.

[42] W. Firshein, P. Kim, Plasmid replication and partition in Escherichia
coli: is the cell membrane the key? Mol. Microbiol. 23 (1997) 1-6.

[43] M.P. Moyer, The Association of DNA and RNA with membranes, Int.
Rev. Cyt. 61 (1980) 1-61.

[44] M.E. Bayer, Structural and functional evidence of cooperativity be-
tween membranes and cell wall in bacteria, Int. Rev. Cytol. Suppl. 12
(1981) 39-70.

[41

—

[45] D.E. Comings, T.A. Okada, DNA replication and the nuclear mem-
brane, J. Mol. Biol. 75 (1973) 609-618.

[46] J.M. Harmon, H.W. Taber, Some properties of a membrane—deoxy-
ribonucleic acid complex isolated from Bacillus subtilis, J. Bacteriol.
129 (1977) 789-795.

[47] P. Hobart, R. Duncan, A.A. Infante, Association of DNA synthesis
with the nuclear membrane in sea urchin embryos, Nature 267 (1977)
542-544.

[48] R. Berezney, The nuclear matrix: a heuristic model for investigating
genomic organization and function in the cell nucleus, J. Cell. Bio-
chem. 47 (1991) 109-123.

[49] D.E. Pettijohn, Structure and properties of the bacterial nucleoid, Cell
30 (1982) 667—-669.

[50] L.D. Murphy, S.B. Zimmerman, Stabilization of compact spermi-

dine nucleoids from Escherichia coli under crowded conditions:

implications for in vivo nucleoid structure, J. Struct. Biol. 119

(1997) 336-346.

C. Benyajti, A. Worcel, Isolation, characterization, and structure of the

folded interphase genome of Drosophila melanogaster, Cell 9 (1976)

393.

[52] B.I. Sukhorukov, V.V. Kuvichkin, L.I. Shabarchina, Structure and
function of DNA —membrane contact in cells, Biofizika 25 (1980)
270-275.

[53] V.V. Kuvichkin, Theoretical model of DNA —membrane contacts,
Biofizika 28 (1983) 771-775.

[54] G.E. Plum, K.J. Breslauer, Thermodynamics of an intramolecular

DNA triple helix: a calorimetric and spectroscopic study of the pH

and salt dependence of thermally induced structural transitions, J.

Mol. Biol. 248 (1995) 679—695.

O.A. Petukhova, A.G. Mittenberg, V.A. Kulichkova, I.V. Kozhukhar-

ova, Tu.B. Ermolaeva, L.N. Gause, .M. Konstantinova, A new class

of small RNP (alpha-RNP) containing antisense RNA in K-562 cells:

IV. The coordinated regulation of the expression of Alu-containing

mRNA and alpha-RNA during differentiation, Ontogenez 28 (1997)

437-444.

[56] B. Buendia, J.C. Courvalin, Domain-specific disassembly and reas-
sembly of nuclear membranes during mitosis, Exp. Cell Res. 230
(1997) 133—144.

[57] G.P.A. Vigers, M.L. Lohka, A distinct vesicle population targets mem-
branes and pore complexes to the nuclear envelope in Xenopus eggs,
J. Cell Biol. 112 (1991) 545-556.

[58] M. Rytomaa, P.K. Kinnunen, Dissociation of cytochrome ¢ from lip-
osomes by histone H1. Comparison with basic peptides, Biochemistry
35 (1996) 4529—-4539.

[59] J.G. Gavilanes, M.A. Lizarbe, A.M. Munico, M. Onaderra, Interaction
of dipalmitoyl—phosphatidylcholine with calf thymus histone H1, Int.
J. Pept. Protein Res. 26 (1985) 187—-194.

[60] J.E. Hagstrom, M.G. Sebestyen, V.G. Budker, J.J. Ludtke, J.D. Fritz,
J.A. Wolff, Complexes of non-cationic liposomes and histone H1
mediate efficient transfection of DNA without encapsulation, Bio-
chim. Biophys. Acta, Biomembranes 1284 (1996) 47-55.

[61] D. Stoffler, K. Goldie, B. Feja, U. Aebi, Calcium-mediated structural
changes of native nuclear pore complexes monitored by timelapse
atomic force microscopy, J. Mol. Biol. 287 (1999) 741-752.

[62] S. Whytock, R.D. Moir, M. Stewart, Selective digestion of nuclear
envelopes from Xenopus oocyte germinal vesicles: possible structural
role for the nuclear lamina, J. Cell Sci. 97 (1990) 571-580.

[63] P. Engelhardt, U. Plagens, 1.B. Zbarsky, L.S. Filatova, Granules 25—
30 nm in diameter: basic constituent of the nuclear matrix, chromo-
some scaffold, and nuclear envelope, Proc. Natl. Acad. Sci. U. S. A.
79 (1982) 6937-6940.

[64] M.C. Dabauvalle, K. Loos, H. Merkert, U. Scheer, Spontaneous as-
sembly of pore complex-containing membranes (““annulate lamellae™)
in Xenopus egg extract in the absence of chromatin, J. Cell Biol. 112
(1991) 1073-1095.

[65] A.S. Belokhvostov, Extra chromosomal DNAs in cells of mammals,
Usp. Sovrem. Biol. (Moscow) 117 (1997) 433—441.

[51

—

[55

[}





12 V.V. Kuvichkin / Bioelectrochemistry 58 (2002) 3—12

[66] J. Arlucea, R. Andrade, R. Alonso, J. Arachaga, The nuclear basket of
the nuclear pore complex is part of a higher-order filamentous network
that is related to chromatin, J. Struct. Biol. 124 (1998) 51-58.

[67] R. Cook, The nucleoskeleton: artefact, passive framework or active
site? J. Cell Sci. 90 (Pt. 1) (1988) 1-6.

[68] L.R. Vann, F.B. Wooding, R.F. Irvine, N. Divecha, Metabolism and
possible compartmentalization of inositol lipids in isolated rat-liver
nuclei, Biochem. J. 327 (Pt. 2) (1997) 569-576.

[69] T. Neitcheva, D. Peeva, Phospholipid composition, phospholipase A2
and sphingomyelinase activities in rat liver nuclear membrane and
matrix, Int. J. Biochem. Cell Biol. 27 (1995) 995-1001.

[70] A.M. Martelli, L. Cocco, B.M. Riederer, L.M. Neri, The nuclear
matrix: a critical appraisal, Histol. Histopathol. 11 (1996) 1035—1048.

[71] K.A. Mattern, R.E. van Goethem, L. de Jong, R. van Driel, Major
internal nuclear matrix proteins are common to different human cell
types, J. Cell. Biochem. 65 (1997) 42-52.

[72] L.M. Neri, B.M. Riederer, A. Valmori, S. Capitani, A.M. Martelli,

Different concentrations of g>* ions affect nuclear matrix protein
distribution during thermal stabilization of isolated nuclei, J. Histo-
chem. Cytochem. 45 (1997) 1317-1328.

[73] C. Wiese, M.W. Goldberg, T.D. Allen, K.L. Wilson, Nuclear envelope
assembly in Xenopus extracts visualized by scanning EM reveals a
transport-dependent ‘envelope smoothing’ event, J. Cell Sci. 110
(1997) 1489—-1502.

[74] S. Lebel, Y. Raymond, Lamin B from rat liver nuclei exists both as a
lamina protein and as an intrinsic membrane protein, J. Biol. Chem.
259 (1984) 2693 -2696.

[75] A.J. Filson, A. Lewis, G. Blobel, P.A. Fisher, Monoclonal antibodies
prepared against the major Drosophila nuclear matrix-pore complex-
lamina glycoprotein bind specifically to the nuclear envelope in situ, J.
Biol. Chem. 260 (1985) 3164-3172.

[76] G. Bruscalupi, L. Di Croce, S. Lamartina, M.L. Zaccaria, A.C. Luz-
zatto, A. Trentalance, Nuclear lamina assembly in the first cell cycle
of rat liver regeneration, J. Cell. Physiol. 171 (1997) 135—142.





		Introduction

		DNA-lipid complexes in vitro

		Role of divalent cations in the interaction of DNA with phospholipids

		Interaction of DNA with cationic liposomes

		Lipids of chromatin and nuclear matrix and their involvement in function of cell nucleus



		DNA-membrane complexes in vivo

		DMC and nucleoid of bacteria and eucaryotes

		Nuclear pores and lipid nucleic acids interactions

		Nuclear matrix and lamina



		References




AL

Bioelectrochemistry

ELSEVIER Bioelectrochemistry 58 (2002) 13-21
www.elsevier.com/locate/bioelechem
Functional role of phospholipids in the nuclear events
A.V. Alessenko™, E.B. Burlakova
Institute of Biochemical Physics of the Russian Academy of Sciences, Kosygin str., 4, 117977 Moscow, Russia
Received 17 May 2001; received in revised form 22 May 2002; accepted 30 May 2002
Abstract

This review presents the structural and functional role of phospholipids in chromatin and nuclear matrix as well as the difference in
composition and turnover compared to those present in the nuclear membrane. Nuclei have a very active lipid metabolism which seems to
play an important role in the transduction of the signals to the genome in response to agonists acting at the plasma membrane level. The
evidence on the presence of phospholipid-calcium-dependent protein kinase C (PKC) in nuclei and enzymes of phospholipids turnover is
given. Protein kinase C interacts with nuclear phosphoinositol and sphingomyelin cycles products. This fact evidences about possibility that
signal transduction events could also occur at the nuclear level during induction of cell proliferation, differentiation and apoptosis.
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1. Introduction

The presence of phospholipids in chromatin and nuclear
matrix has been demonstrated by histochemical and bio-
chemical techniques in plant and animal cells. They seem to
be associated with nucleoli, non-histone proteins of chro-
matin and nuclear matrix. To assign specific function to
these molecules in the nucleus, the effect of several phos-
pholipids on chromatin structure and function has been
investigated in cell-free system by exposure of isolated
nuclei to phospholipid vesicles. The results indicated that
anionic phospholipids could decondense chromatin, affect
nucleosome structure and stimulate either synthesis of RNA
and DNA.

Although growth factors acting on plasma membrane
receptors can induce cell division, the following questions
remain still unanswered: what messages transfer the signal
from the cell surface to the nucleus, and how those mes-
sages exert their effect. Evidence on the occurrence of
phospholipid-calcium-dependent protein kinase (kinase C)
in the nucleus seems to represent a direct link between the
presence and possible functions of nuclear lipids, namely
polyphosphoinositides and sphingomyelin, degradation
products of which could regulate the activity of this enzyme
controlling the phosphorylation of nuclear proteins.

" Corresponding author. Fax: +7-95-137-41-01.
E-mail address: ales@sky.chph.ras.ru (A.V. Alessenko).

In our review, we present data on the localization and
metabolism of phospholipids in nuclear membrane, chro-
matin and nuclear matrix, evidence of participation of
nuclear phospholipids in structure organization of chromatin
and nucleic acids synthesis and description of phosphoino-
sitol and sphingomyelin signal transduction cascades in the
nuclei.

2. Localization and metabolism of phospholipids in
nuclear membrane, chromatin and nuclear matrix

The precise topology of nuclear lipid metabolism and the
relationship between nuclear lipids and crucial events are
studied very intensively now. Nuclei have a very active lipid
metabolism, which seems to play an important role in the
transduction of signals to the genome in response to agonists
acting at the plasma membrane level [1-5]. The main
reports concerned with the demonstration of phospholipids
in the nucleus stem from fractionation studies, but presence
of phospholipids in define nuclear domains in whole cells
and in tissues have been demonstrated by ultrastructural
cytochemistry [6—8].

Maraldi et al. [8] also investigated the localization of the
phospholipid substrates for the phospholipase by cytochem-
istry with colloidal gold-labelled enzyme and their data
indicated a possible intrachromatin and nucleolus localiza-
tion.

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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The nucleus is surrounded by a double membrane, which
has certain features of a classic lipid bilayer. Many types of
lipid metabolism enzymes are located in nuclear membrane
[2,9—13], chromatin [9] and nuclear matrix [11—14]. For
example, two kinases which phosphorylate respectively
phosphatidylinositol (PtdIns) into PtdIns(4)P and
PtdIns(4,5)P,, which had previously been thought to be
confined mostly to the plasma membrane or to the endo-
plasmic reticulum, were found in the nuclear membrane of
rat liver nuclei [3,14]. It has been shown that the poly-
phosphoinositide synthesis occurs at the nuclear level
[11,12] and takes place not only on the nuclear membrane,
but also even within the nucleus. This evidence is supported
also by the fact that the specific phosphoinositide kinases
are bound to the nuclear matrix fraction [11-13,15].

The presence of phospholipids in chromatin has been
demonstrated by histochemical and biochemical techniques
in plant and animal cells [16—22]. It was shown that the
differences in composition and turnover are comparable
with those present in the nuclear membrane [20,22]. It has
been shown that after lactoperoxidase radioiodination of
isolated hepatocyte nuclei, chromatin phospholipids were
unlabelled, whereas all radioactivity was recovered in the
nuclear membranes [22]. This evidences that chromatin
phospholipids did not appear due to contamination from
the nuclear membrane phospholipids. The chromatin phos-
pholipids represent about 10% of those in the entire nuclei
and differ in composition [21] and turnover [22] from
microsomal and nuclear phospholipids.

Recently, some enzymes of lipid metabolism were found
in chromatin: the base lipid exchange protein complex,
phospholipase C and A2 [23] and neutral sphingomyelinase
(N-SMase) [9,20]. Sphingomyelinases-type C (EC.3.1,4.12)
are phospholipases that catalyze the hydrolysis of sphingo-
myelin to ceramide and phosphocholine [24]. We found that
the specific activity of the neutral SMase in the nuclei was
one-third of that in the whole cell homogenate [25]. Most of
the nuclear N-SMase was solubilized with 1% Triton X-100.
The apparent molecular weight of N-SMase in rat liver was
of the order of 92 kDa [25].

The presence of SMase in chromatin has a particular
relevance since sphingomyelin is one of phospholipids
represented in chromatin [19,20]. Sphingomyelin has been
found in a non-histone chromosomal fraction [27]. Sphin-
gomyelin is classically considered as a phospholipid typi-
cally localized in plasma membrane. However, there is
evidence about its location also in the nuclei. This pool of
sphingomyelin was inaccessible to a sphingomyelinase
added to isolated nuclei implying a location other than in
the outer nuclear membrane [28].

The existence of the synthesis of sphingomyelin in
chromatin and in nuclear membrane isolated from liver
nuclei was shown [9]. The evaluation of the enzyme was
performed using [(3) H] phosphatidylcholine as a donor of
radioactive phosphorylcholine and by identifying the prod-
uct isolated by thin layer chromatography [22]. In both

fractions, the enzyme phosphatidylcholine:ceramide phos-
phocholine transferase or sphingomyelin synthase was
present, although with higher activity in nuclear membrane.
The enzyme present in the chromatin differs in pH optimum
and K, showing a higher affinity for the substrates than
that of nuclear membrane. The results presented show that
sphingomyelin synthase is present not only in the cyto-
plasma at the level of the Golgi apparatus, but also in the
nuclei, at the level of either the nuclear membrane or the
chromatin [9]. During hepatic regeneration, the chromatin
sphingomyelin is synthesized and accumulated in relation to
DNA synthesis [20,21,29,30].

Phospholipids have been also found in nuclear matrix,
which is considered as a site of synthesis of DNA and RNA
[31-35]. Treatment of isolated nuclear matrix with a bacte-
rial phospholipase C results in the release of nucleic acids
[34,36]. These data strongly evidence on the amphiphilic/
amphipathic nature of phospholipids in some bonding forces
within chromatin.

The phospholipid spectra of the nucleus, chromatin and
nuclear matrix isolated from the liver cells of intact rats are
very different [27]. The phospholipids of nuclear matrix are
reached by sphingomyelin, which is also presented in lip-
oproteins. This assumption is supported by the data of
Manzoli et al. [27]. They had shown that the acidic proteins
from lymphocyte nuclei are enriched in sphingomyelin.
Sphingomyelin is the main component of phospholipids
(80%) in nuclear matrix of regenerating liver [33,35].

3. Participation of nuclear phospholipids in structure
organization of chromatin and nucleic acids synthesis

The autonomous behavior of chromatin and phospholi-
pids of nuclear matrix is emphasized by sharp changes in
their spectra during RNA and DNA synthesis in liver cells
after partial hepatectomy [20,21,25,33]. An increase in
sphingomyelin concentration is correlated with the level of
DNA synthesis in liver cells in regenerating liver. It is
known that sphingomyelin in vitro stimulates DNA-poly-
merase activity [17]. Changes in sphingomyelin content
have also been observed in the nuclei of different tumor
cells [37].

Based on evidence about high content of sphingomyelin
in the nuclear matrix at the moment of RNA and DNA
synthesis, we have considered the possibility that this lipid
can be incorporated into the replicative and transcriptional
complexes associated with the nuclear matrix [33,34,36].
This has been confirmed by digestion of sphingomyelin in
the nuclear matrix with sphingomyelinase. As a result of this
process, 75% of the newly synthesized DNA and 90% of the
newly synthesized RNA have been released from the
nuclear matrix [33,36]. The treatment of nuclear matrix
with phospholipases (phospholipase C without sphingomye-
linase activity, phospholipase A, and phospholipase D) has
not led to the release of such a high yield of newly
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synthesized nucleic acids into the supernatant. Significantly,
a release of DNA and RNA from the protein structures in
the nuclear matrix in vivo can be brought about by the
endogenous sphingomyelinase, whose activity has been
detected in the nucleus [20,25,26]. The fact that 45% of
sphingomyelin is removed with RNAse digestion strongly
indicates that this link may have a functional significance,
e.g. in the regulation of RNA synthesis or in nucleoprotein
processing [38—40].

Inhibition of DNA polymerase in the nuclear matrix and
release of newly synthesized DNA from the nuclear matrix
when treated with phospholipases [35,36] indicate a struc-
ture-functional role of phospholipids in the replicative
complex. These results lead to assumption that sphingo-
myelin is the main phospholipid involved in the formation
of replicative complex in the nuclear matrix. Most of these
data have consisted of the documentation of the presence of
phospholipids, without much attention to possible rele-
vance, and usually with the implicit inference that they are
just as likely to be contaminants from nuclear membrane.

However, Manzoli [31,35,38,41-46], Alessenko [5,33,
36,47—-51], Magni [10,20,39,40] and their colleagues have
investigated the possible role of phospholipids in structure
and functional activity of nuclei. The effect of several
phospholipids on chromatin structure and function has been
investigated in cell-free systems by exposure of isolated
nuclei to phospholipid vesicles [38,41,42,52,53]. Cocco et
al. [52,53] have investigated the structural changes in
chromatin that occur if phosphatidylserine or phosphatidyl-
choline are added as multilamellar vesicles. The results
obtained indicate that anionic phospholipids can decondense
chromatin [53], could affect nucleosome structure [52] and
stimulate either synthesis of total RNA or that of specific
mRNA families [38,42]. Phosphatidylserine had a profound
effect on transcription in vitro by removing histones [53]. In
addition, for a more simplified system, a stimulatory effect
of inositol lipids on the isolated DNA polymerase o activity
has been reported [54].

4. Phospholipids signal transduction cascades
in the nuclei

Existence of a phospholipid signal transduction cascade
based on the polyphosphoinositide and sphingomyelin
breakdown has been indicated by the discovery in the
nucleus of phospholipase C [13] and sphingomyelinase
[25] and protein kinase C (PKC) [55—58]. Recent evidence
on the occurrence of PKC in nuclei seems to prove a direct
link between the presence and possible functions of nuclear
lipids. Phosphatidylinositols, sphingolipids, phosphatidyl-
serine and diacylglycerols, which could regulate the activity
of this enzyme, can control the phosphorylation of nuclear
proteins [54,59—-62].

Specific PKC that associates with liver nuclei has been
partially purified. Immunoblotting studies evidence that it is

different isotype from the major cytosolic liver PKC [63].
There may also be an independent translocation of PKC to
the nucleus [56,64].

Therefore, variation in the nuclear phospholipid content
and relative composition may affect the functional activity
of this key enzyme. The nuclear domains, the interchro-
matin fibers and granules, and the nucleolus, are sites in
which transcription products are processed and they belong
to the nuclear matrix compartment, with which PKC and
some enzymes of inositol lipid cycle are also associated
[12,13,55].

Metabolism of polyphosphoinositides was changed by
cellular differentiation, proliferation and apoptosis. Level
of both PtdIns(4)P and PtdIns(4,5)P, was changed in
Friend cells induced to differentiate by treatment with
DMSO [65]. Stimulation of Swiss 3T3 cells with IGF-I
causes a rapid and transient decrease in nuclear PtdIns(4)
and PtdIns(4,5)P, and concurrent increase in nuclear diac-
ylglycerols [64]. That this is really happening in the nuclei
is based on the results that in the same cells bombesin
causes a large identical response in the plasma membrane,
but not in nuclei [3,64]. The interpretation of this data by
authors of this study is that a signal reaches the nucleus as
a result of stimulation of the IGF-I receptor and this signal
stimulates a nuclear phosphoinositidase C that hydrolyses
PtdIns(4,5)P, to generate diacylglycerol and Ins (1,4,5)P;.
Both diacylglycerol and Ins (1,4,5)P; are involved in
activation of PKC.

Hormones prolactin and erythropoietin added to purified
nuclei have activated PKC inside nuclei [66,67]. However,
at least in Swiss 3T3 cells in response to IGF-I, the nuclear
response required intact cells. It means that nuclei have own
PKC and PKC, which is translocated to the nucleus as a
result of some stimulation. Nuclear lipids control both these
enzymes.

As it was mentioned earlier, sphingomyelin metabolism
exists in nuclei and sphingomyelin has the unique ability to
accumulate in chromatin and nuclear matrix [5,9,10,20,
29,30,34]. Currently, the attention is focused on the sphin-
gomyelin metabolic cycle in nuclei. The products of this
metabolism (sphingosine and ceramide) can also exhibit the
properties of second messengers [24,68]. The plausible
involvement of sphingolipids in relaying cell signals was
first revealed in the experiments of Hannun and Bell [69]
who examined the inhibitory activity of sphingosine toward
PKC in vitro. This sphingomyelin metabolite has subse-
quently been shown to inhibit many PKC-depended pro-
cesses in vitro [70,71]. On the other hand, in some studies,
sphingosine has been shown to posses numerous properties,
some of which manifest themselves independently from
protein kinase C [72]. Sphingosine has been shown to
enhance phosphorylation of the EGF receptors [73] and to
activate purified casein kinase I [74] and other sphingosine-
dependent kinases [75].

The phosphorylation reactions in nuclei have a biological
significance for the transduction of the mitogenic signals
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from cell membrane to nucleus in response to growth factors
and other proliferative stimuli. Evidence on the presence of
PKC and casein kinase II in nuclei of actively growing cells
and enzymes suggested the intriguing possibility that signal
transduction events, controlled by sphingomyelin cycle,
could also occur at the nuclear level.

We have shown that the activity of sphingomyelinase and
level of sphingomyelin, ceramide and sphingosine in nuclei
is changed during nucleic acid synthesis in regenerating
liver [26,29,30,76]. Albi et al. [10,20] found changes in the
activity of the enzyme and level of sphingomyelin in
chromatin during DNA synthesis in liver after partial
resection as well.

Our data demonstrate that the level of sphingosine (4—5
ng/mg of protein) in nuclei is very low compared with
sphingomyelin (2 —4 pg/mg of protein). However, we found
a pronounced accumulation of sphingosine in nuclei during
activation of transcription, 4—6 h after partial hepatectomy
[76] and replication, 20—24 h after operation [76]. Activa-
tion of sphingomyelinase located in the cell nuclei also
occurs when transcription and replication are enhanced.
Thus, activation of sphingomyelin cycle in nucleus of
regenerating liver is observed during DNA and RNA syn-
thesis. The changes in the level of the sphingomyelin cycle
metabolites (ceramides and sphingosine) during nucleic acid
synthesis are of a universal character, suggesting that the
mechanism of their action is common for transcription and
replication.

At present, sphingosine is known to activate casein
kinase II [74], the substrates of which are RNA polymerases
I and II, DNA topoisomerases I and II, non-histone chro-
matin proteins and a number of other proteins involved in
the regulation of the cell cycle and proliferation [77].
Sphingosine involves the accumulation of phosphatidic
acid, which possesses mitogenic properties and activates
DNA synthesis in Swiss 3T3 cells under the action of
sphingosine in concentration up to 10 uM [72]. Direct
experiments have shown an intimate connection between
sphingosine synthesis and cell growth. This has been shown
with mutant CHO cells, which are deficient in sphingomye-
lin synthesis due to thermolability of their serine palmitoyl-
transferase [78].

It was shown that sphingosine influences on DNA syn-
thesis [72] and activity of key enzymes taking part in
replication and transcription. In our experiments, it was
shown that sphingosine enhances the activity of RNA
polymerases isolated from rat liver [76] and retards DNA
methylation [51].

Sphingosine is likely to influence RNA and DNA syn-
thesis by its ability to control phosphorylation of enzyme
participating in nucleic acid synthesis and to interact with
DNA and to alter its structure. The latest properties of
sphingosine have been demonstrated by Manzoli et al.
[44] with the method of heat denaturation.

We have also shown the existence of the interaction of
sphingosine with DNA in vitro, using fluorescent and spin

probes [76,79]. We found that sphingosine can prevent
interaction of DNA with AO or even displace AO from its
complex with DNA [76]. It means that sphingosine interacts
with DNA and influences its structure. Similarly to poly-
amines, sphingosine has a primary amino group, which
forms an ionic bound with the oxygen atom of the phos-
phate group in DNA molecules. These changes in the
structure of DNA via its interaction with sphingosine lead
to alteration of the DNA substrate specificity. Sphingosine
inhibits DNA-primase in vitro and in vivo [80]. Sphingosine
was found to complete with H1 histone for the binding to
DNA [81]. Other lipids, such as phosphatidic acid and
phosphatidylglycerol, firmly bound precisely with histones
[81,82]. Sphingosine and its derivatives, e.g. sphingosyl-
phosphoholine, sharply increased the DNA-binding activity
of AP-1 transcriptional factor [83]. The increase in the
binding activity of AP-1 preceded the accumulation of c-
fos mRNA.

Thus, presented data contribute a great deal to the
significance of the nuclear sphingomyelin cycle and its
particular metabolites in the regulation of cell proliferation.
We should mention that the mechanism proposed includes
one product (sphingosine) with the ability to activate signal
transduction controlled by casein kinase and inhibit path-
ways controlled by protein kinase C. Thus, sphingosine may
emerge as a multifunctional regulator that is able to mod-
ulate the activity of many targets such as protein kinases,
phosphatidic acid phosphohydrolase [84], diacylglycerol
kinase [85] and phospholipase D [86—87] not only in
cytoplasma but also in nuclei.

Cell surface receptors for TNF-alpha form one of the
components of a specific signal transduction pathway.
Phorbol ester-induced activation of protein kinase C
decreases the binding activity of TNF-alpha receptors. The
involvement of protein kinase C in regulation of TNF
receptor activity points to the possible role of sphingosine
in cell responses to TNF-alpha. In our experiments, it was
shown that TNF-alpha activates sphingomyelinase and
accumulates sphingosine in nuclei isolated from liver after
injection of TNF to mice [47,49]. We found that activation
of sphingomyelin cycle induced by TNF-alpha is an early
response, more pronounced in the nuclei as compared with
whole cells [49]. It is suggested that sphingomyelin metab-
olites are involved in transduction of TNF-elicited signals
from the cell surface to the nucleus.

Metabolism of sphingomyelin is tightly connected with
cholesterol metabolism [88]. Degradation of sphingomyelin
by exogenous sphingomyelinase induces a decrease of
cholesterol due to an increase of esterification biosynthesis.
A relation between sphingomyelin and cholesterol in
nuclear membranes following sphingomyelinase activation
and during cell proliferation was shown [10]. The content of
nuclear sphingomyelin and cholesterol was analyzed before
and after sphingomyelinase activation and during hepatic
regeneration. The activities of nuclear membrane SM-syn-
thase and SMase were also determined. The results con-
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firmed that activation of sphingomyelinase in nuclei of
regenerating liver and exogenous sphingomyelinase causes
a strong decrease in cholesterol [10]. Changes in the content
of sphingomyelin are accompanied by similar behavior of
cholesterol. Changes in cholesterol content modify the
nuclear membranes fluidity and, as a consequence, mRNA
transport [40]. The neutral sphingomyelinase present in the
nuclei may, across this mechanism, regulate the cell func-
tion.

Phospholipids of nuclei may play crucial role in apopto-
sis. Apoptosis, programmed cell death, has been shown to
play a key role in normal development, differentiation,
glandular atrophy following hormonal withdrawal and
maturation of the immune system [88]. Interference with
apoptosis appears to be one of the mechanisms leading to
unrestrained growth and development of cancer. Its hall-
mark biochemical feature is endonuclease activation, giving
rise to internucleosomal DNA fragmentation. There are also
characteristic morphological changes, including chromatin
condensation, nuclear fragmentation, shrinkage, the forma-
tion of dense chromatin masses and apoptotic bodies [88].
Apoptosis is an active process, which is governed by a
signal transduction pathway. Up-regulation of c-myc, c-fos
and p53 genes is associated with transmission of the
apoptotic signal.

Utilization of the sphingomyelin pathway for induction
of the apoptotic response has already been demonstrated in a
large variety of mammalian cells [89]. Sphingomyelin
breakdown with an accumulation of ceramide and/or sphin-
gosine in nuclei may be involved in induction of the
apoptosis in vivo and in vitro [89—-92].

Prior to the onset of apoptosis induced by portal vein
branch ligation of lobes in rat liver, the activity of neutral
sphingomyelinase increased in the nuclei of hepatocytes in
ligated lobes in parallel with its reaction product, ceramide.
This was followed by elevation of ceramidase activity in
nuclei in association with an increase of sphingosine. These
changes were not observed in nuclei of the nonligated lobes,
or in the plasma membranes from either ligated or non-
ligated lobes [92].

We have shown that cycloheximide (CHI) in sublethal
doses (0.3 mg/100 g of body weight) caused apoptosis in
liver cells in vivo, inducing c-myc, c-fos and p53 genes,
activation of sphingomyelinase and accumulation of free
sphingosine in liver cells and nuclei [91]. It was shown that
the enhancement of the sphingomyelinase activity precedes
the maximum accumulation of mRNA of ¢-myc and c-fos
genes. Sphingosine in nuclei accumulated concomitantly
with an increase of c-myc and c-fos gene expression and
exceeded the control values almost threefold. On the other
hand, the level of free sphingosine in nuclei isolated from
liver rats injected with CHI at doses (0.01 and 0.05 mg/100g
of body weight) that did not increase gene expression did
not show any elevation of sphingosine.

The protein products of c-myc, c-fos and p53 genes
contribute significantly in transduction of the apoptotic

signal. The activity of these proteins depends on PKC. On
the other hand, sphingosine functions as one of the inhib-
itors of PKC, which strongly induce apoptosis in certain cell
types. Recently, it was shown that sphingosine decreases
bcl-2 expression at both RNA and protein levels [93].
Overexpression of bcl-2 is connected with inhibition of
apoptosis in response to a wide spectrum of agents, like
chemotherapeutic agents, TNF-alpha and ionizing radiation.
Finally, nuclear sphingosine might be important in media-
ting apoptosis as an endogenous modulator of nuclear PKC
and inhibitor of bcl-2 expression.

The last decade has been characterized by rapid develop-
ment of research investigation of the molecular mechanisms
whereby hormones, peptides, growth factors and cytokines
regulate cell metabolism, differentiation and proliferation.
One general signaling mechanism involves the rapid Ca**
redistribution throughout the cell [94].

The mechanism of regulation of nuclear calcium signal-
ing is vehemently debated currently [95—102]. Nuclear
calcium signals control a variety of nuclear functions,
including gene transcription [102], DNA synthesis [94],
DNA repair, chromatin organization and cleavage of nuclear
DNA by nucleases during programmed cell death or apop-
tosis [98—100]. There are indications that nuclear and
cytosolic calcium signals are differentially regulated and
are independent of each other [96]. For examples, nuclear
calcium concentrations are higher than cytosolic ones in a
number of cell systems or lower in smooth muscle and
neuronal cells.

The nucleus contains an endoplasmic reticulum-type
calcium pump ATPase, which attests to the ATP-mediated
nuclear calcium uptake [96]. The nucleus is endowed with
functional inositol triphosphate receptors and the necessary
machinery for InsP [(3)] production [97]. The nucleus also
contains inositol 1,3,4,5-tetraphosphate receptors, which
mediates nuclear calcium entry in the presence of InsP
[(4)]. InsP [(4)] receptor was located to the inner nuclear
membrane. Mechanistic model developed proposed calcium
movement in and out of the nucleus. Ca [Image]-ATPase
and InsP [(4)] R are located to the outer nuclear membrane
and thus intervene in the action of ATP and InsP [(4)],
respectively, in eliciting calcium transport to the nuclear
envelope. Calcium can be further released to the inner
nuclear space by the activation of Imps [(3)] R (located to
the inner membrane) by Imps [(3)]. Calcium can diffuse out
from the nucleoplasm by the nuclear pores. There are
specific Ca®" release channels present in the inner nuclear
membrane that can be activated by inositol triphosphate or
cADP ribose [99,101].

In conclusion, InsP [(3)] is capable of controlling cal-
cium concentration within the nucleus, which could be
important for the control of specific types of gene expres-
sion.

Recently, the sphingosine-induced mobilization of Ca**
from intracellular stores was shown [103]. It was found that
sphingosine-gated Ca**-permeable channel is a novel chan-
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nel distinct from other characterized intracellular Ca**
channels such as the ryanodyne receptor and the inositol
1,4,5-triphosphate receptors [104,105]. This suggests that a
new type of Ca®>" channel should exist which is controlled
by sphingosine.

It was shown that sphingosine and its derivators
influence at Ca®" mobilization in the nuclei. The dose—
response relationship for the peak response of Ca*'
concentration in nuclei to sphingosine and psychosine
was analyzed [106]. Nucleoplasmic Ca®" concentration
increased at 15 mM agonist and reached the maximum
response at 50 mM lipid concentration. The sphingosine
was the most effective lipid assayed. The highest con-
centrations (75 mM) evoked an increase in Ca** concen-
tration from 50 to 350 nM. The sphingolipid con-
centrations used in these experiments were similar to
those described as effective in several cell types [103].
It is possible that sphingolipids mobilize Ca®" through a
modulatory action on the IP3 pathway [10], or that they
could act in a completely independent manner, as
recently suggested for sphingosine in fibroblasts [24,107].

5. Conclusion

It has been widely reported that lipids exist as factors
bound to chromatin and nuclear matrix components in a
number of cell types. The effect of several phospholipids on
DNA and chromatin structure and function has been inves-
tigated in cell-free systems by exposure of isolated DNA,
chromatin or nuclei to phospholipids vesicles. In addition,
stimulatory effects of inositol lipids and sphingolipids on
isolated DNA polymerase o and RNA polymerases activ-
ities have been reported.

Evidence on the occurrence of phospholipid-calcium-
dependent protein kinase C (PKC) in the nucleus seems to
present a direct link between the presence and possible
functions of nuclear lipids, phosphatidylinositol, sphingo-
sine, phosphatidylserine and diacylglycerol, which could
regulate the activity of this enzyme controlling the phos-
phorylation of nuclear proteins. In conclusion, Imps [(3)]
and sphingosine are capable of controlling calcium concen-
tration within the nucleus, which could be important for the
control of specific types of gene expression during cell
growth, differentiation and apoptosis.

The discovery of inositide and sphingomyelin signaling
systems in nuclei shows what messages transfer the signals
from the cell surface to the nucleus, and how those mes-
sages transmit their effect.
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Abstract

By very soft phenol method, the high-molecular-mass natural DNA complexes (108—10° Da), which contain 1—3% specific lipids, were
isolated from different eukaryotic and prokaryotic cells. Two pools of DNA-bound lipids were isolated: loosely bound (extracted with 35%
ethanol) and tightly bound lipids (extracted after additional treatment DNAse I). The composition of these two lipid pools of different sources
(rat thymus, liver, regenerating liver, loach sperm, pigeon erythrocytes, Zajdel ascites hepatoma, Ehrlich ascites carcinoma, sarcoma 37,
Escherichia coli B, T2 phage) was studied. The DNA-bound lipid pools consist of neutral lipids (NL) and phospholipids (PL), moreover NL
is always in a few fold more than PL. The composition of these lipid pools of eukaryotes distinguishes between themselves, mainly, by free
cholesterol (minor fraction), cardiolipin (major fraction), and by phosphatidylcholine. Only the tightly bound lipid pool was present in T2
phage DNA. The dramatic redistribution effect between all fractions of NL pools (free and ester cholesterol, free fatty acids, diglycerides)
was observed in DNA synthesis phase of cell cycle on the background of the unchanged composition of PL pools. Comparative analysis of
DNA-bound lipid pools of normal and cancer cells was carried out. The DNA-bound lipid pools of transformed cells significantly differ from
the same normal cells both by PL composition (cardiolipin) and by the presence of additional fractions (mono- and triglycerides) as well. The
possible functions of DNA-bound lipid pools, especially of cardiolipin and cholesterol at the attachment of DNA loops to the nuclear matrix,
DNA replicon organization, replication, and transcription are discussed.
© 2002 Elsevier Science B.V. All rights reserved.

Keywords: Two pools of DNA-bound lipids; Lipid composition and function; DNA-bound cardiolipin; DNA-bound cholesterol; Functional genomics

1. Introduction

Up to now, it has been a widespread opinion that only
proteins can participate in structural—functional organiza-
tion of DNA. However, owing to the progress in lipidology
for the past 10—15 years, it has been proven that lipids are
actively involved into chromatin and nucleosome structure
[1-3], in regulation of genome expression, into the repli-
cation, transcription and repair processes [4—8], into the
induction of apoptosis [9—12], and appear to be a target for
ionizing radiation and antitumor preparations [13]. Along
with development of gene therapy methods, the problem of
plasmid DNA transfer into the cells (reporter or therapeutic
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Region, Russia. Fax: +7-95-245-0857.

E-mail address: renat@ibmh.msk.su (R.I. Zhdanov).

genes) arised [14,15]. For this purpose, various lipids and
their mixtures are used in in vifro experiments to obtain
artificial macromolecular DNA—lipid complexes, i.e. geno-
somes [15]. Clearly, at the present stage of gene therapy and
functional genomics as well, progress in the problem of
isolation and characterization of natural DNA-lipid com-
plexes is a question of special importance. It is not acci-
dental that natural high-molecular mass DNA-lipid
complexes (1-2% of protector lipids) have very high trans-
forming (gene transfer) activity (50%) as it was shown in
studies on chicken (the complexes obtained from the dom-
inant Russian white were introduced into the egg of New
Hampshire [16]).

The natural DNA-bound lipid complexes were first
isolated by us from rat liver and thymus in 1974 [17], then
they were isolated from other mammalian cells, tumor cells,
bacteria, and phage [18—21]. The isolation and general
characterization of DNA-bound lipids are described in

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.

PII: S1567-5394(02)00129-9





24 V.A. Struchkov et al. / Bioelectrochemistry 58 (2002) 23-30

details in Ref. [22]. We should point out that DNA-bound
lipids have specific composition in mitochondria, micro-
somes, nuclear membranes, chromatin, and nuclear matrix.
The formers are characterized by prevalence of neutral
lipids (NL) over phospholipids (PL), high enrichment in
cardiolipin, cholesterol fatty acid esters, free fatty acids, and
diglycerides but depletion of free cholesterol, phosphatidy-
lethanolamine, phosphatidylcholine—while having only
trace amounts of sphingomyelin. Besides, these lipids con-
sist of two pools differing in degree of their binding to DNA
and in their composition [17,21-23]. It was proved in
special experiments that DNA-bound lipids are an integral
part of DNA and not an artifact of DNA isolation procedure,
e.g. lipid admixtures [21-23].

This review is aimed to summarize and to analyze
critically our own and literature data on the composition
and possible functions of the two pools of DNA-bound
lipids of eukaryotes and prokaryotes, and to undertake a
comparative analysis of these lipid pools in normal and
malignant cells. Our goal is to demonstrate that natural
DNA-bound lipids are an integral part of genome taking part
in regulation of gene expression as well.

2. Historical aspects

In reviewing the history of the problem, it should be
noted that the first observation of the presence of lipids in
calf thymus nucleohistone was made in 1959 by Wilkins
and Zubay [24] based on the small-angle X-ray diffraction.
Specifically, two reflexes were found on nucleohistone
roentgenogrammes: the first one at 20 A (DNA) and the
other one at 60 A (lipids). This conception was only
tentative since a similar picture was observed with 3%
sphingomyelin, which also gave a highly oriented equatorial
reflex at 60 and 15 A. In 1972, Pardon and Wilkins [25]

Table 1

confirmed their earlier reported data. In 1966, we have also
observed a second reflex at 60 A for high-molecular mass
DNA from loach sperm and rat thymus [26]. However, at
that time, no data on DNA-bound lipids were available; in
view of that, only in 1993, it became possible to demon-
strate directly that the reflex at 60 A corresponds to DNA-
bound lipids.

It is to be noted that until 1974, the data on the presence
of chromatin- and DNA-bound lipids were scarce and
fragmentary. Rose and Frenster [27] were the first (1965)
to reveal lipids in eu- and heterochromatin of calf thymus
and to estimate their amount. Lipids contained ~70%
phosphatidylcholine, ~30% phosphatidylethanolamine,
35% cardiolipin, traces of phosphatidylserine and sphingo-
myelin (percentage of the total amount of phospholipids),
and 97% of free cholesterol (percentage of the total amount
of neutral lipids). Jackson et al. [28] have also found lipids
in the insoluble precipitate of calf thymus chromatin (30.1
mg proteins, 9.0 mg lipids, 2.1 mg DNA, 0.4 mg RNA),
namely phosphatidylcholine, phosphatidylethanolamine,
phosphatidylserine, sphingomyelin, and unidentified neutral
lipids.

As it was mentioned, we isolated the natural DNA-bound
lipids from rat liver and thymus for the first time in 1974
[17]. These lipids consisted of two pools differing in tight-
ness of their binding to DNA. The loosely bound pool of
lipids is extracted with ethanol (DNA is precipitated by cold
96% ethanol (1:2) and is allowed to stay at 2 °C for 24 h, and
then lipids are extracted by chloroform—methanol mixture
(2:1) using the Folch’s method [29]). The tightly bound lipid
pool (DNA precipitate after ethanol treatment) was dissolved
in 1% SDS solution, and then the lipids were again extracted
using the Folch’s method. This procedure allows us to
prepare the DNA-bound lipid pools consisting of only
neutral lipids, with phospholipids in trace amounts, which
suggests the incomplete extraction of lipids (especially of

Comparative analysis of contents of DNA-bound lipids in DNA preparations from different sources by various methods

Method of DNA
isolation [reference]

DNA molecular
mass (Da)

Object [reference]

DNA-bound lipids (% in DNA)

Total Neutral lipids Phospholipids
Rat liver [21] [34] 29x10’ 2.140.2 (1.19+0.91)  1.49+0.12 (0.86+0.63) 0.61+0.04 (0.33+0.28)
Ehrlich ascites [34] 28x107 2.2340.21 (1.36+0.87) 1.69+013 (1.03+0.66) 0.5440.03 (0.33+0.21)
carcinoma [21]
Zejdel ascites [34] 28.5x107 2.9740.25 (1.76+1.21)  2.5240.22 (1.47+1.05) 0.4540.02 (0.29+0.16)
hepatoma [21]
E. coli B. [21] [34] 20.5%x107 0.8940.08 (0.58+0.31)  0.78%0.07 (0.53+0.25) 1.11£0.01 (1.05+0.06)
Mouse liver [33] [35] 14x10° 1.0 Not identified PC, SM
Ehrlich ascite [35] 15x10° 3.0 Not identified PC, SM
carcinoma [33]
S. typhimurium [31] [35] 20x10° 0.174+0.04 Diglycerides, fatty acids, ~ Not identified
15x10° triglycerides
Ehrlich ascites 5% C13CCOOH 80 °C, - 0.89 0.87 0.02

carcinoma [32] from chromatin, pretreated

with triton X-100

Marmur’s method [35]: 1% SDS, 1 M NaCl, chloroform/iso-amyl alcohol=24:1, RNase, pronase, phenol. In parenthesis: (loosely bound lipids +tightly bound

ones); PC: phosphatidylcholine, SM: spingomyelin.
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tightly bound ones) from DNA. In view of this, the method
was subsequently modified: to extract the 1st pool (loosely
bound lipids), we used 35% ethanol at 37 °C for 24 h (DNA
would not precipitate under this conditions, which facilitates
extraction of lipids); and to extract the 2nd pool, we
employed the incubation with DNAse I (2 h, 37 °C) instead
of using 1% SDS. Every pool of DNA-bound lipids consists
of neutral lipids and phospholipids. As it was shown in our
subsequent studies [18—21], this procedure was optimal,
since it allows to follow changes and redistribution of lipid
pools depending on the cell cycle, genome activity, alter-
ations in DNA conformation, and under malignancy.

To our knowledge, there are only three studies [31—33]
where lipid content was determined directly in DNA. As it is
shown in Table 1, the DNA preparations, isolated from
various sources (Ehrlich ascites carcinoma, Zajdel ascites
hepatoma, rat liver, mouse liver, Escherichia coli B, Sal-
monella typhimurium) and by various methods [34,35],
contain statistically significant amounts of tightly bound
lipids. It shoud be noted that two DNA preparations from
Ehrlich ascites carcinoma, prepared by various isolation
techniques (a gentle or hard one [34,35]), contain essentially
the same lipid percentage (2.23% and 3%, respectively).
Under application of even harder method for DNA isolation
from the certain object (at first, Triton X-100 extraction of
histones and nonhistone proteins from chromatin and then
isolation of DNA itself by use of 5% perchloroacetic acid
(PCA), at 80 °C for 20 min), the DNA preparation contains
a less amount of tightly bound lipids (0.89%) and the
specific composition (the amount of neutral lipids was 40-
fold higher than that of phospholipids) [32]. It was shown
further [31] that lipid content in the DNA preparation from
S. typhimurium depends on the DNA molecular mass, i.e.
the higher molecular mass DNA contains, the greater
amount of lipids. For instance, the DNA preparations,
isolated by various techniques from E. coli B [34] and S.
typhimurium [35], contain 0.31% [21] and 0.17% [31] of
tightly bound lipids, respectively. Thus, DNA preparations,
isolated by various authors by the use of methods of more or
less hardness from various sources, always contain lipids in
the range 0.17—3.0%.

3. Comparative analysis of composition of two pools of
DNA-bound lipids from normal and malignant cells, E.
coli B and T2 phage

Table 2 presents the compositions of two pools of DNA-
bound lipids from various eukaryotic cells (normal and
malignant), E. coli B and T2 phage. The composition of
two lipid pools in rat thymus differ from each other for the
most part, in amounts of free cholesterol, cardiolipin, and
phosphatidylcholine, with free cholesterol being the minor
fraction while cardiolipin the major one. Analogous regu-
larity was also demonstrated for rat liver. Characteristically,
these lipid pools are enriched in cholesterol fatty acid esters,

Table 2
Composition of two pools of DNA-bound lipids (percentage from total
neutral or from total phospholipids)

Object Lipid Neutral lipids Phospholipids
Pool G CE FFA DG MG TG CL PE PC PS PI
Rat thymus A 10 33 33 24 0 0 51 28 15 4 2
B 13 32 32 23 0 0 55 28 12 4 1
Rat liver: A 9 36 25 30 0 0 40 3520 4 1
norm B 10 34 23 33 0 0 49 28 15 3 5
S-phase A 6 55 10 29 0 0 39 3519 5 2
B 13 46 17 24 0 0 48 28 15 4 5
Gj,-phase A 2 18 57 23 0 0 33 3327 7 0
B 8 15 47 30 0 0 15 16 54 15 0
Loach sperma,® A 529 4 25 0 0 22 41 28 7 2
at2 °C B 6 23 17 54 0 0 48 2520 7 0
Loach sperm,b A 10 38%¢:” 9 43 0 0 56 29 12 3 0
at 14 °C B 18 14 42 36 0 0 47 33 16 4 0
Pigeon A 4 44 36 16 0 0 19 4529 7 0
erythrocytes B 4 39 32 25 0 0 26 3531 8 0
Zejdel ascites A 10 33 24 30 O 3 50 26 16 4 4
carcinoma B 4 46 23 17 7 3 35 40 20 5 O
Ehrlich ascites A 15 29 22 31 0O 3 48 37 12 3 O
carcinoma B 4 43 24 19 7 3 43 13 2807 9
Sarcoma 37 A 11 45 22 19 0 3 52 23 18 5 2
B 20 23 27 26 0 4 33 34 16 5 12
E. coli B A 3 32 35 30 0 0O 71.29 0 0 O
B 345 35 17 0 0 78 22 0 0 0
T2 phage B 3373 25 0 0 59 4 0 0 O

Mean value from three to four experiments, +6%.
A: loosely bound lipids, B: tightly bound lipids; FC: free cholesterol, CE:
cholesterol fatty acid esters, FFA: free fatty acids, DG: diglycerides, TG:
triglycerides, MG: monoglycerides, CL: cardiolipin, PE: phosphatidyletha-
nolamine, PC: phosphatidylcholine, PS: phosphatidylserine, PI: phospha-
tidylinositol.

? Supercoiled DNA.

® Relaxed DNA.

free fatty acids, diglycerides, cardiolipin, and phosphatidy-
lethanolamine while being depleted in free cholesterol and
phosphatidylserine. Besides, the loosely bound pool of
phospholipids contained fewer amounts of cardiolipin and
free cholesterol than did the tightly bound one.

The latter peculiarity is also a characteristic for the most
repressed genomes (loach sperm, pigeon erythrocytes). Both
pools were also characterized by the two-fold lowering of
free cholesterol and cardiolipin, as a result, it is the phos-
phatidylethanolamine fraction that becomes the major one
instead of cardiolipin. Besides, both of these genomes are
characterized by the lack of phosphatidylinositol.

At the stage of DNA synthesis (S-phase of cell cycle), on
the background of equal compositions of phospholipids
pools, a dramatic effect of redistribution between the four
fractions of neutral lipids pools was observed. For the
loosely bound pool of neutral lipids, this effect is repre-
sented by a two-fold decrease in free cholesterol and free
fatty acids, and at the same time by an increase in choles-
terol fatty acid esters, which thus become major. In contrast,
the tightly bound pool of lipids is characterized by a sharp
increase in free cholesterol and its esters, and a decrease in
free fatty acids and diglycerides content.
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The effect of redistribution in pool’s composition of
neutral lipids and phospholipids was also observed in G,-
phase. In both pools of neutral lipids, they observed a sharp
decrease of free cholesterol and its esters and an increase by
free fatty acids, which become major. The least changes are
observed in diglyceride’s content. A dramatic decrease of
cardiolipin, especially of its tightly bound form along with
phosphatidylinositol disappearance, was revealed in both
phospholipid pools, at the same time, an increase in the
amounts of phosphatidylserine and phosphatidylcholine was
registered, with the latter becoming major in the tightly
bound pool.

Contrary to the DNA of normal cells, DNA-bound lipid
pools of malignant cells are characterized by essential
differences between pool compositions both in phospholi-
pids and neutral lipids, and also, by the presence of addi-
tional fractions, i.e. by mono- and triglycerides. It is
important that these additional fractions were also revealed
in the DNA of Ehrlich ascites carcinoma [32]. However, the
effect of redistribution between lipid pools has another
behavior than in the regenerating liver. This effect was most
clearly observed upon comparison of lipid pools of normal
liver with those of Zajdel ascites hepatoma. For instance, the
amount of loosely bound lipids (cholesterol, diglycerides) in
Zajdel hepatoma, in opposite to the DNA of normal liver, is
twice higher than the amount of tightly bound one. More-
over, the composition of neutral lipid pools differs signifi-
cantly from each other. Analogous regularity was met for
phospholipid pools. The redistribution effect is especially
registered in the tightly bound pool where phosphatidyle-
thanolamine instead of cardiolipin becomes major.

As arule, in the DNA of two types of malignant cells, in
opposite to the DNA of normal cells, the loosely bound free
cholesterol occurs in the higher amounts than the tightly
bound one; the tightly bound neutral lipids are much poorer
in diglycerides and the tightly bound phospholipids—in
cardiolipin. Thus, malignant cells have specific composition
of DNA-bound lipid pools. This conclusion is confirmed by
the data on the main indexes of DNA-bound lipid pools (the
ratio of cholesterol ester/free cholesterol, the neutral lipids/
phospholipids ratio and percentage of acid phospholipids)
(Table 3). It is also shown [36] that the free cholesterol/
cholesterol fatty acid esters system in rat liver chromatin is a
dynamic system. As it follows from data of Table 3 in the
pools of DNA-bound lipids of malignant cells, this dynamic
equilibrium is disturbed. Furthermore, the ratio of neutral
lipids/phospholipids is significantly increased, especially in
the Zajdel ascites hepatoma (by three-fold) compared to the
normal liver and to S-phase of cell cycle. Besides, the tightly
bound phospholipids in normal cells are more acidic than the
loosely bound ones, while for malignant cells, the reverse is
true; loosely bound phospholipids appear to be more acidic.

It should be pointed out that two phosphatidylinositol
pools are isolated from the mouse and human tissues—a
mobile pool (extraction with chloroform—methanol, 2:1)
and a tightly bound pool (extraction with chloroform—

Table 3

Comparative composition of two pools of DNA-bound lipids in normal rat
liver, regenerating liver (S-phase and G,-phase of cell cycle) and in three
types of tumor cells

Object Lipid CE/FC ratio Neutral/ Sum of acidic
pool phospholipids  phospholipids
ratio (%)
Normal liver A 3.82 2.6 45
B 5.02 2.24 57
S-phase A 9.53 1.88 46
B 3.65 3.26 57
G,-phase A 8.67 7.14 40
B 1.97 5.84 50
Zejdel ascites A 3.13 5.1 58
hepatoma B 12.48 6.3 40
Ehrlich ascites A 1.99 3.12 51
carcinoma B 3.33 3.19 59
Sarcoma 37 A 4.26 3.75 59
B 1.14 2.11 50

A: loosely bound lipids, B: tightly bound lipids; CE: cholesterol fatty acid
esters, FC: free cholesterol.

methanol—1% aqueous HCI solution). Characteristically,
the prevalence of the mobile phosphatilylinositol pool is
observed in Luis carcinoma mice and in patients with lung
cancer [37].

Thus, malignant cells are characterized by the enhanced
content of neutral lipids, in particular, cholesterol and its
esters, and by reduced content of phospholipids, particularly
cardiolipin and phosphatidylethanolamine. Considerable
increase (by two- to three-fold) of precisely neutral lipids
in nuclei of Ehrlich ascites carcinoma cells with age (7 and
14-day cells) was observed [38].

The fact of triglycerides’ presence in the DNA and
chromatin of malignant cells [19,21,32] allows the sugges-
tion to be made that triglycerides are the main form of
existence of free fatty acids for the storage of substrates for
oxidative phosphorylation.

All these observations pointing to the alterations in
regulation of oxidative reactions of lipids in malignant cells
lead, as a result, to the alterations in DNA and RNA
synthesis. Indeed, based on these data, we have found the
effect of recoding of chromatin’s gene activity in Ehrlich
ascites carcinoma [39]. This recoding effect is expressed by
the rates of inclusion of /'*C/-thymidine into DNA, and
/*C/-uridine into RNA of malignant cells. These values
were twice higher in the case of heterochromatin than for
euchromatin, while in the normal mouse spleen, the ability
of euchromatin to include these two labels was much higher
than that of heterochromatin.

The lipid pools in the DNA of E. coli B and T2 phage
have their own peculiarities: neutral lipids consist of the
same four individual lipids like in normal eukaryotic cells,
but phospholipids are only presented by cardiolipin (major)
and phosphatidylethanolamine. Besides, in the DNA of T2
phage, only the tightly bound lipid pool was detected. The
presence of two pools of DNA-bound lipids was also
demonstrated in S. typhimurium [31]; these pools consist
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of phospholipids (unidentified) and neutral lipids (di-,
triglycerides, free fatty acids). The authors mentioned above
[31] used to isolate DNA through the Marmur’s method
[35], and consequently, the lipid content is depended on the
DNA molecular mass. It is to be stressed that the authors
have determined for the first time the composition of fatty
acids of two DNA-bound lipid pools and showed that the
loosely bound pool is much richer in saturated fatty acids
than the tightly bound pool. Thus, the DNA-bound lipid
pools is a dynamic system, while in the malignant cell, the
lipid pools are recoded.

4. The functions of the two pools of DNA-bound lipids

We believe that the presence of two pools of DNA-bound
lipids is not accidental, and they fulfill important functions
in nuclei. The following facts favor this suggestion.
Removal of the loosely bound pool (with 35% ethanol, or
with 1% Triton X-100 or with phospholipase C and A
without hydrodynamic shifts) leads to the three-fold low-
ering of the DNA molecular mass (from 3x10% to 1x10®
Da) [21], which presupposed the participation of the loosely
bound pool in the replicon, loop-like organization of DNA.
Besides, the extraction of this lipid pool activates RNA
synthesis in the RNA-polymerase system.

The composition of tightly bound lipid pool is closed to
the composition of the nuclear matrix [21], which assumes
the participation of these lipids in fixation of DNA loops to
the nuclear matrix, since the points of fixation of DNA onto
the nuclear membrane of Bacilus subtilis are enriched with
cardiolipin [40]. From our point of view, cardiolipin can
play a special role in the function of lipid pools.

First of all, we will offer the arguments in favor of the
structural—functional role of cardiolipin. Under this DNA
isolation procedure [34], cardiolipin appears to be the major
DNA-bound phospholipid of eukaryotic cells, bacteria, and
phage [18-22]. In contrast to other phospholipids, all
amount of chromatin’s cardiolipin is localized in DNA,
which could be explained by the availability of the common
interphosphate motif between cardiolipin and DNA [41].
Cardiolipin also activates the protein responsible for initia-
tion of E. coli replication (dnaA protein) [42,43] and SV-40
virus T-antigen [44], regulates activity of DNA polymerase
a, B, vy [13,45], as well as activity of RNA polymerase
[13,45,46] and DNA topoisomerases I and II [47,48].
Cardiolipin decondences chromatin histone H1 and
removed from linker DNA in chromatin and nucleosomes
[1,2]. Using the circular dichroism method, it was found that
DNA B-form to A-form transition (active transcription) is
elaborated by the presence of cardiolipin [21]. The content
of DNA-bound cardiolipin is increased in S-phase of cell
cycle (DNA synthesis), but lowered to normal level in G-
phase [18,21]. It is calculated that in one rat liver cardiolipin
molecule corresponds to two nucleosomes, while there is
one cardiolipin molecule in one nucleosome (200 pairs of

bases) in S-phase of cell cycle. From the findings above, it
might be assumed that cardiolipin represents a phospholipid
of proliferation [49].

In further discussion, we shall add arguments in support
of the hypothesis that two pool of DNA-bound cardiolipin
have different functions.

(1) The content of loosely bound cardiolipin varies in
different eukaryotic cells and correlates with the content of
euchromatin DNA (active transcription and replication); the
higher the percentage of euchromatin DNA [50], the greater
is the amount of loosely bound cardiolipin into DNA [21]. It
is important that in the nonactive genome of pigeon eryth-
rocytes, where there is no euchromatin DNA, the cardiolipin
is only found in trace amounts (0.015 pg/mg DNA), while
in T2 phage, this cardiolipin pool is lacking altogether
[20,21].

(2) The content of cardiolipin in the pools depends on the
phase of the cell cycle in the regenerating rat liver. The
content of loosely bound cardiolipin was increased by three-
fold in S-phase of cell cycle, while the content of tightly
bound one was not changed at all. In G,-phase, the content
of loosely bound cardiolipin was decreased to normal value,
and the content of tightly bound appeared to decrease four-
fold than the normal value.

(3) The amount of cardiolipin in the two pools depends
on DNA conformation: the amount of loosely bound car-
diolipin of the supercoiled DNA is two-fold less than that of
tightly bound one, and vice versa; and the relaxed DNA
contains twice of the amount of loosely bound cardiolipin
than the supercoiled DNA [21].

Further, it was shown [21] that partial removal of lipids
(by 35% ethanol or 1% Ttriton X-100, or phospholipase C)
from DNA preparations of rat thymus, liver, and loach
sperm increased RNA synthesis in vitro in the presence of
exogenous RNA polymerase from rat liver. In the process,
an inverse correlation was observed: the greater the amount
of lipids in the DNA, the weaker the transcription. This
dependence is most clearly observed with loosely bound
cardiolipin. Moreover, the T2 phage DNA in which the
loosely bound lipid pool, particularly cardiolipin is absent at
all, has the maximal transcription level (35,000 counts/min,
inclusion of /*H/-uridine). For comparison, rat thymus
chromatin included 6000 counts/min, and supramolecular
DNA complex (SC-DNA) from thymus—11,900 counts/
min. It is necessary to note that DNA preparations contain
endogenous RNA polymerase (see Table 4 in Ref. [21]), its
activity in liver being twice higher than in thymus. It was
shown that both the endo- and exoenzyme activities depend
on the content of precisely loosely bound cardiolipin in
DNA preparation compared to other lipids. Thus, there is an
inverse correlation, which takes place between the endoen-
zymatic activity and the loosely bound cardiolipin in the
DNA. Analogous dependence was revealed in experiments
with X-rays irradiated rats at lethal dose of 10 Gy [21]. After
2 min of irradiation, the loosely bound cardiolipin content is
decreased by 50%, while RNA polymerase is activated by





28 V.A. Struchkov et al. / Bioelectrochemistry 58 (2002) 23-30

Table 4

Dependence of endogenic RNA polymerase activity on the content of
loosely bound cardiolipin in rat thymus and liver supramolecular DNA
complex (SC-DNA) before and after 2 min of -y-irradiation at lethal dose of
10 Gy (mean values from three to four experiments)

SC-DNA RNA synthesis Loosely bound cardiolipin
source (*H-UTP counts/min) (1g/10 mg DNA)

Control Irradiation Control Irradiation
Thymus 5010+25 12,960+81 20.6%2.1 10.940.9
Liver 12,880+72 7626+35 129+£1.1 19.2+1.7

Reaction mixture for enzyme consisted of: 25 mM Tris—HCI, pH 8.0; 150
mM KCl, 5 mM MgCl,, | mM MnCl,, 1.5 mM dithiotreitol, 1 mM ATP,
CTP, GTP 1 0.1 mM [*H] UTP (10 mCi/mmol), 10 mg DNA. After a 15-
min incubation at 37 °C, cold 5% aq. trichloroacetic acid was added,
precipitated at filter, and washed with ethanol and ether. Radioactivity of
filters was measured using counter “Tritiotomatic” (Belgium).

two-fold and vice versa; the two-fold increase of loosely
bound cardiolipin in the liver is accompanied by the two-
fold decrease of the enzyme activity.

It was shown in our radiobiological studies [30] that the
composition of two DNA-bound lipid pools in thymus and
liver undergoes essential changes with time (2 min, 2 h, or 6
h) after vy-irradiation of rats with a lethal dose of 10 Gy.
These changes influence, in various degrees, all individual
fractions of neutral lipids and phospholipids, that is, the
effect of redistribution between and within the pools takes
place. This effect is most expressed, and always irreversible
in the case of tightly bound cardiolipin and cholesterol into
the radiosensitive thymus along with irreversible supra-
molecular DNA complex degradation. However, in the
radioresistant liver by 6 h, two processes are developing
simultaneously: restoration of supramolecular DNA com-
plex and of initial cholesterol content. Thus, the DNA —lipid
component wholly gets irreversibly destroyed after 6 h of
irradiation in both the thymus and liver; but in the liver, the
restoration of cholesterol correlates with restoration of DNA
structure. It suggests that cholesterol plays an important
structural role in the SOS preparation of supramolecular
DNA level for maintaining basic metabolism in radioresist-
ant liver cells. In favour of this fact, data show that 60% of
chromatin’s cholesterol is bound to the DNA [22]. Using the
method of fluorescent probes, the possibility of the dual
mechanism of cholesterol binding to DNA was demonstra-
ted [51]: superficial binding at low cholesterol concentration
(DNA/cholesterol=15:24 pg/ml) and intercalation into helix
at high cholesterol doses (15:45 pg/ml, respectively). Since
cholesterol participated in the signal transduction at the
cellular level [52], the possibility cannot be excluded that
it can be an element of the signal system at both the
chromatin level and the DNA-bound lipids’ level. Along
with this finding, it is shown that autoliposomes containing
cholesterol enhance the resistance of radiosensitive rat
thymocytes to X-irradiation at the dose of 10 Gy [53].
The reason for that is the capability of cholesterol to protect
cells against the radiation due to the suppression of free
radical damage [54].

5. Conclusions

The natural specific DNA-bound lipids (neutral lipids
and phospholipids) were isolated from different eukaryotic
cells (normal and cancer), bacteria, and T2 phage. It was
established from the critical analysis of literature data that
the DNA preparations, isolated by various authors [17—
21,23,31-33,38] using a variety of techniques [32,34,35]
and from several sources, contain minor amount (1-3%) of
the DNA-bound lipids. These lipids consist of two pools,
differing in the degree of their binding to DNA (loosely
bound and tightly bound lipids), in their compositions, and
functions. The composition of two lipid pools changes
depends on metabolic activity of genome, cell cycle, malig-
nant transformation, and DNA conformation (supercoiled
form—relaxed form DNA transition). Cardiolipin and cho-
lesterol put in the most contribution in these effects. From
our point of view, the DNA-bound lipid pools may be the
elements of nuclear chromatin signal transduction that take
part in the post-genome regulation of nuclear metabolism.
Taking these facts into account, further studies of the
composition and functions of human DNA-bound lipid
pools as an integral part of genome are very important
perspective for the regulation of gene expression and func-
tional genomics.
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Abstract

The data on nuclear and chromatin lipid metabolism are reviewed. The amount of neutral lipids and phospholipids in nuclei of rat thymus,
liver and neocortex neuron as well as the amount of lipids in rat thymus and liver chromatin are described. The metabolic responses of
nuclear and chromatin lipids from thymus to different doses and dose rates of -y-irradiation of rats are discussed. In most cases, the nuclear
and chromatin lipid responses are distinct. Changes in nuclear and chromatin lipid metabolism in response to -y-irradiation are suggested to
connect with the signal transduction pathway and the regulation of the transcriptional and replicative chromatin activity. The influence of -
carotene and picrotoxin on rat liver nuclear lipids and neocortex neuronal nuclear lipids, respectively, was analyzed. The possible
involvement of the lipid traffic in the chromatin lipid responses to vy-irradiation and other agents is suggested.

© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The involvement of phospholipids in cell signaling is
extensively studied [1]. The participation of nuclear lipids in
the different stimulus response events was widely discussed
[2] and the role of cholesterol in the signal transduction was
suggested [3]. The involvement of mammalian cell chro-
matin lipids in metabolic cell responses has not been
adequately investigated. At present, it is clear that chromatin
phospholipids play a role in genomic structures and func-
tions of animal and plant cells [4]. Yet, in earlier work, it
was shown that active chromatin is much richer in phos-
pholipids and cholesterol than is repressed chromatin. The
lipids of active chromatin have a much more active metab-
olism as measured by incorporation of 1,3-'"*C-glycerol into
the lipids of isolated nucleus [5]. Synthesis of the chroma-
tin-associated phospholipids from rat hepatocyte nuclei was
investigated as compared with that of the lipids associated

* Corresponding author.
E-mail address: kulagina@ibfk.nithi.ac.ru (T.P. Kulagina).

with nuclear and microsomal fractions in the rat injected
with [*?Plorthophosphate. The results indicated that there
exists transport of phospholipids from the microsomes to the
chromatin [6]. In early studies, we showed that chromatin
phospholipids and cholesterol of rat tissues were labeled
with 2-*C-acetate in vivo much more actively than those in
nuclei [7]. Simultaneously, the synthesis of phospholipids
found in microsomes, nuclei and chromatin has been studied
in rat liver after partial hepatoectomy. **P-incorporation in
phospholipids of the chromatin (specific activity) over a
period of 30 h was much more than that in the microsomes.
It is concluded that chromatin phospholipids increase their
metabolism in relation to the S-phase of the cell cycle [8].
Over a period of 40 min after y-irradiation of rats at a lethal
dose of 10 Gy and 2-'*C-acetate injection, the specific
activity of chromatin cholesterol was much higher than that
in microsomes of rat liver [9]. It was shown that liver and
thymus chromatin phospholipids and cholesterol take part in
animal radiation response [10]. A penetration of exogenous
cholesterol in chromatin was investigated. [*H]cholesterol
was found in chromatin proteins when mouse spleen cell
suspension was incubated with tritiated cholesterol for
various time intervals. The number of cholesterol molecules

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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bound per nucleus was estimated to be on the order of 1000,
which is in the same range as the number reported for
steroid hormone receptors [11].

2. The lipid content in nuclei and chromatin of rat tissues

The chromatin was abundantly isolated from nuclei
devoid of the nuclear envelope upon treatment with Triton
X-100 [6,8,11]. This detergent extracted large amount of
proteins and lipids from the nucleus [12]. We isolated nuclei
from rat liver according to Ref. [13], and thymus nuclei by
the method described in Ref. [14]. Chromatin was isolated
as described in Ref. [15]. In our experiments, the purity of
nuclei was determined by marker enzyme activity and by
electron microscopy. The native distribution of lipids
between nucleus compartments remained unchanged by this
treatment. Tables 1 and 2 list the amount of lipids in nuclei
and chromatin liver and thymus and neocortex neuronal
nuclei of rats. It is seen that the lipid composition of
chromatin is not distinguished significantly from the lipid
composition of nuclei in rat thymus and liver. The quantity
of nuclear and chromatin lipids varied widely. Determina-
tion of lipid content of Ehrlich ascites tumor cell nuclei
devoid of the nuclear envelope and chromatin isolated from
them revealed that the cholesterol content in nuclei and in
chromatin is 8 and 10.3 pg/mg protein, respectively, and that
the phospholipid content in nuclei and in chromatin is 10.5
and 4.25 pg/mg protein, respectively. Hence, the amount of
cholesterol in chromatin of tumor cells is as much as twice
the amount of phospholipids [24]. If liver nuclei are
denuded by 0.3—1.0% Triton X-100, the amount of phos-
pholipids is 10% of the whole nuclei. [25]. The amount of
phospholipids in chromatin from hepatocyte denuded nuclei

Table 1

is 5.77 £ 0.9 ng/mg protein [26]. Chromatin isolated from
denuded hepatocyte nuclei is enriched in sphingomyelin
(SM) [27]. A distribution of chromatin lipids between DNA
and chromatin protein was investigated using labeled glyc-
erol and cholesterol in Ehrlich ascites tumor cells. Incorpo-
ration of the lipid precursors was shown in nonhistone
proteins, histones and DNA-bound lipids [28]. Enzymatic
destruction of chromatin RNA results in the liberation of
lipids from the chromatin [29].

3. Nuclear and chromatin lipid metabolism in the tissues
of rats irradiated at a sublethal dose of ionizing
radiation

lonizing radiation causes mitosis inhibition, induces
apoptosis or cell repair. It is of great interest to investigate
changes in lipid metabolism in nuclei and chromatin of cells
and tissues from +y-irradiated animals. y-Irradiation leads to
nonmonotonic metabolic and functional response in animal
cells and tissues [30]. Thus, ionizing radiation makes it
possible to observe different stages of damage and repair
using one type of cell and tissue. The value of the body and
organ mass and the intensity of total RNA and total protein
synthesis were used as criteria of the metabolic response. An
activity of enzyme ornithin decarboxylase (ODC), the key
enzyme of polyamine synthesis, was used as a marker of the
cell activity [31].

We used fractionated +y-irradiation of rats at a dose of 2
Gy X% 3 in a weekly interval up to a total dose of 6 Gy. The
chromatin and nuclear lipids were isolated and determined
in compliance with Refs. [18,23]. By the third irradiation,
thymus mass was 1/3 of normal. The ODC activity
decreased within 1 h after irradiation and sharply elevated

The amount of lipids isolated from nuclei of liver, thymus and neocortex neuron of rats (ug lipid/mg protein)

Lipids Liver nuclei Thymus nuclei Neocortex neuronal nuclei
Cholesterol 134 £ 1.1 [16] 5.6 +£0.9 [18] -
3.5+0.3[17] 8.8+2.3[19]
9.8+ 1.1 [20]
9.1+£0.9 [21]
Fatty acids 12.8 £ 1.7 [17] 21.3+ 1.8 [18] 163 + 21 [22]
61110 [16] 12.3+£0.5[19]
29.7+ 3.6 [20]
Diacylglycerides 6.8+ 0.8 [17] 6.0 + 0.6 [20]
Total phospholipids 43.1+£6.0 [17] 35.4+3.3[23] 713 +2.5[22]
Phosphatidylcholine 145+ 1.8 [16] 17.5+4.0 [21]
2534 0.6 [20]
Phosphatidylethanolamine 5.5+ 1.0 [16] 3.7+0.5[18]
69+ 1.2[17] 6.5+ 1.5 [20]
Sphingomyelin 1.7+ 0.3 [17] 1.1 £0.2 [20]
43+0.8[16]
Cardiolipin 2.0£0.9 [16] 1.9+ 0.3 [18]
1.2+0.3[17] 3.1+0.1[20]
Phosphatidylinositol 32409 [17] 3.0+ 0.9 [21]
Phosphatidylserine 0.9+0.1[17] 2.5+0.7 [21]
Monoacylglycerides - 5.0+ 1.4[19]

Values are mean * S.E. of four independent experiments.
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Table 2
The amount of lipids isolated from liver and thymus chromatin

Lipids

Liver chromatin Thymus chromatin

Cholesterol 10.6 £ 2.2 [16] 4.7+ 0.8 [19]
59+0.5[18]

52406 [21]

Fatty acids 59 +10 [16] 18.4+ 1.2 [18]
23.0+3.3 [21]

Phosphatidylcholine 21.1+ 1.4 [16] 22.7+ 1.0 [23]

+ phosphatidylserine

Phosphatidylcholine - 17.1 £3.0 [21]

Total phospholipids 52+5 (7] 37.9 £0.2 [23]
Phosphatidylethanolamine 5.6+ 0.3 [16] 4.9 +£0.3 [23]
54+13[21]

Sphingomyelin 4.8+£0.5[16] 1.1 £0.5[23]
1.1+£03 [21]

Cardiolipin 53409 [16] 0.9+0.2[23]
3.5+£0.7 [7] 1.0£0.1 [21]

Phosphatidylinositol - 1.6 £ 04 [21]
Phosphatidylserine - 1.9+0.4 [21]
Monoacylglycerides - 23+0.8[19]

Other details are as in Table 1.

for the period of 7 days [32]. The amount of thymus
chromatin and nuclear lipids changed (Table 3). The amount
of fatty acids increased in nuclei and chromatin. The content
of phosphatidylcholine + phosphatidylserine (PC+PS) and
phosphatidylethanolamine (PE) declined; the amount of
SM and cardiolipin (CL) remain unchanged. The amount
of fatty acids and phospholipids in whole thymocytes was
also the same [18,23]. Phospholipid disruption under the
action of phospholipase A can result in the formation of fatty
acids. The results of calculation show that existing hydrol-
ysis level of PC+PS and PE in nuclei and chromatin after
irradiation is not responsible for the observed growth of the
fatty acids. Apparently, irradiation may alter the traffic of
fatty acids between nucleus and cytoplasmic compartments.
Sublethal doses of y-radiation induced an activation of the
lipid synthesis in rat thymus within 1 h after irradiation [33].
By using a cytochemical method for detecting phospholipids
inside the nucleus of intact cells at the electron microscopic
level, the changes were analyzed in intranuclear phospholi-
pids in DNA replicating versus resting cells, which are both
present in the same sample of regenerating liver after partial

Table 3

Table 4

The amount (ug lipid/mg protein) of phospholipids and fatty acids in the rat
neocortex homogenate and neuronal nuclei 30 min after the intraperitonial
injection of picrotoxin (4 pg/kg body mass)

Lipids Homogenate Nuclei

Control Picrotoxin Control Picrotoxin
Total 348 +20 388 +£23 713+25 529+33*%
phospholipids
Fatty acids 170+ 14 1564+ 17.5 163 £21 216 £9*

Each value is the mean + S.E. of four to five independent experiments.
* Difference is significant under paired comparison at p <0.05.

hepatoectomy. The data obtained indicate a significant reduc-
tion in the phospholipids detectable inside the nucleus in all
steps of the S-phase. The authors believed that this could
depend on an increased nuclear phospholipid hydrolysis, the
products of which should activate some of the enzymes
involved in the control of DNA replication [34]. The decrease
of PC+PS and PE in chromatin of the irradiated rats is of
great interest. Changes of chromatin organization induced by
PC and PE were shown on isolated rat liver nuclei. The results
obtained indicate that PC and PE increased chromatin con-
densation and impaired RNA maturation and transport [35].
Decrease in PC and PE in liver chromatin of irradiated rat
may depend on the activity of PC-dependent phospholipase
C. The enzymatic PC hydrolysis forms diacylglycerol and
phosphorylcholine. Diacylglycerol exerts many various
effects and activates protein kinase C [2].

The existence of the PC-dependent phospholipase C in
rat liver chromatin was shown. This enzyme differs with
respect to nuclear membrane in pH and K, [36]. Table 4
demonstrates the increase in fatty acid content and decrease
of phospholipids observed in nucleus of rat neocortex
neurons after injection of picrotoxin to rat [22]. Picrotoxin
is a glutamate receptor inhibitor that induces convulsive
reaction in rat. Consequently, the decrease of total phospho-
lipids or PC and PE and the increase of fatty acids are
registered after damage in proliferating and nonproliferating
cells. To clarify the significance of the change in fatty acid
and phospholipid contents in the cell nucleus, the effects of
the chronic irradiation were explored at a low dose rate. The
influence of continuous supply of diet with B-carotene was

The amount (ug lipid/mg protein) of fatty acids, cholesterol and phospholipids in the thymus homogenate, nuclei and chromatin in an hour after y-irradiation of

rats at a dose of 6 Gy (2 Gy X 3 in a week)

Lipids Homogenate Nuclei Chromatin
Control 6 Gy Control 6 Gy Control 6 Gy

Fatty acids 63+2 74 £8 21+2 50+6* 184+ 1.2 35+2%
Cholesterol 10.5+0.1 10.8£0.2 56102 53103 59+05 54+0.1
Sphingomyelin 1.3+0.2 14+04 1.2+03 1.1+£04 1.1+0.5 0.8+0.1
Phosphatidylcholine + phosphatidylserine 202+ 1.7 18.0+ 1.0 162+ 1.5 10.1 £0.1%* 22.7+£1.0 154+05%
Phosphatidylethanolamine 59+05 4.6+0.5 3.7+£05 25+02% 49403 32+0.1%*
Cardiolipin 1.8+0.5 1.4+£04 1.9+03 14105 09+0.2 1.0x£0.2

Values are means + S.E. of three independent experiments. For each experiment, three to five animals were used. Statistical significance was calculated by

Student’s ¢-test.

* Difference is significant under paired comparison at p <0.05.
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also investigated. If diet is enriched with P-carotene, it
accumulates in the liver and increases the adaptation of an
animal to environmental conditions [37]. We used vy-irradi-
ation at a dose rate of 3 ¢cGy/day up a dose of 2 Gy [17].
Irradiation of rats at a dose rate of 1-3 cGy/day during the
whole lifetime did not shorten the mean life span [38]. In the
liver of irradiated rats, an amount of glycogen changed [39].
As seen from Table 5, both these agents induce the increase
of fatty acids in liver nuclei. The total phospholipid content
did not change. An amount of PC was elevated both in the
nuclei of irradiated rats and in 3-carotene fed supplied rats.
At the same time, PE enhances only in nuclei of irradiated
rats. In nuclei of B-carotene fed rats, the amount of PS
increased. In both cases, an amount of cholesterol dimin-
ished and an amount of diacylglycerides increased. There-
fore, certain levels of metabolism are accompanied with the
increase of nuclear fatty acids without the decrease of
nuclear phospholipids. An increase in DAG is of great
interest. DAG was shown to be an activator of protein
kinase C (PKC), which enters the nuclei by a signal trans-
duction pathway [2]. Agonists induce rapid redistribution of
the different PKC isozymes to distinct subcellular structures.
Under this condition, PKC, associated with nuclear mem-
branes in NJH 3T3 cells [40]. DAG plays an important role
in a number of agonist-induced signal transduction path-
ways. For instance, a-trombin induced in cultured fibro-
blasts a rapid increase in the level of DAG mass in the
nuclei and a selective increase in nuclear PKC-a. The
molecular species profiles of the nuclear DAG generated
resemble the species profiles of PC. In response to this
agonist, nuclear PE was altered in a dramatic manner [41].
These results demonstrate that PC hydrolysis is the predom-
inant source of the agonist-induced nuclear DAG in this
case.

Differentiation of murine erythroleukaemia cells with the
chemical agent DMSO leads to a cessation of proliferation
and to a decrease in the level of nuclear DAG [42]. The

Table 5

The amount (ug lipid/mg protein) of lipids isolated from the liver nuclei of
rats irradiated at a dose rate 3 cGy up to a dose of 2 Gy and from liver
nuclei of rats fed with RB-carotene (3 mg/kg body mass daily)

Lipids Control 3 cGy/day B-carotene
n=6" n=3* n=3"

Fatty acids 122+ 1.7 19.6+.1.5*% 23.0%+23%
Cholesterol 35+03 14+03%* 23+03%
Diacylglycerides 6.8 +£0.8 13.1+22% 17.7+4.1%
Total phospholipids 43.1+60 408%+74 51.9+6.1
Phosphatidylcholine 145+18 229+13%* 220+2.0%*
Phosphatidylethanolamine 69+12 102+0.3* 8.6+1.6
Phosphatidylserine 1.9+0.1 1.3+1.2 65+06%*
Phosphatidylinositol 32109 50103 50+1.2
Sphingomyelin 1.7£0.3 2.7+£0.7 20x03
Cardiolipin 1.2+03 1.4+0.2 14+03
Body mass (g) 258 £ 8 190 £7 252+5

Other details are as in Table 3.
? Number of experiments.
* Difference is significant at p <0.05.

decrease of nuclear DAG in thymocytes of chronic irradi-
ated rats is accompanied with the fall of the ODC activity in
thymus of chronic y-irradiated rats [27,43].

DAG generated by a phosphatidylcholine-specific phos-
pholipase C is a well established activator of the important
signaling system protein kinase C. DAG appears to mediate
various cellular responses to TNF and IL-1. It has been
suggested that there may be more than one distinct pool of
DAG in the nucleus and that these pools appear to be
spatially separated and derived from different sources.
These species of DAG have different functions within the
nucleus [2]. In all these cases, we may speculate that the
changes in lipids result from the variation of lipid traffic
from the cytoplasm in nuclei and chromatin. An elevation of
PE in liver nuclei is of great interest under the chronic low
dose rate irradiation of the rats, but the significant PE
elevation is obscure.

An increase of nuclear PS is suggested to have an effect
on RNA polymerase activity [44]. PS can release the H1
histone from intact nuclei. The DNA template availability
increased and DNA synthesis is activated [45]. It is sug-
gested that B-carotene can influence transcriptional activity
of the liver nuclei through the increase in PS.

4. The influence of chronic low dose rate irradiation on
the lipid metabolism in nuclei and chromatin from the
tissue of irradiated rats

We have investigated the influence of the more injurious
dose rate of +y-irradiation on thymocytes nuclei and chro-
matin. Rats were irradiated in a special y-camera at a dose
rate of 12.9 cGy/day up to a total dose of 10 Gy [43]. It has
been shown that ionizing radiation at a dose rate of 10—13
cGy/day up to a total dose of 20 Gy diminishes the mean life
span of rats up to two folds. The death of rats was
conditioned by destruction in hemopoesis [46]. The body
and thymus mass of rats exposed to the 10 Gy irradiation
did not differ from control. The ODC activity decreased at
the early stage of irradiation, and turned back to normal
level [43]. The protein synthesis in thymocytes from irradi-
ated rats was increased. The synthesis of the total lipids in
the cells remained unchanged by 2-'*C-acetate incorpora-
tion. Radioactivity of both total lipids and phospholipids in
the nuclei and chromatin was increased (Table 6). An
amount of fatty acids in the thymocytes from irradiated rats
was diminished, but no changes were registered in the
nuclei and chromatin. The label incorporation in the nuclear
and chromatin fatty acids was rather more intensive than
that in the whole cells. The transfer of fatty acids in nuclei
and chromatin was suggested to increase by vy-irradiation of
rats (Table 7). The effect of chronic ionizing radiation at a
low dose rate induced significant increase of the amount of
PS in thymocyte nuclei. In chromatin, the amount of PS and
phosphatidylinositol (PI) increased (Table 8). This is appa-
rently due to the involvement of these lipids in signal
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Table 6

Radioactivity (cpm/mg protein) of total lipid fraction and total phospholipid fraction of cells, nuclei and chromatin of the thymus of control and irradiated rats

at a dose rate of 12.9 cGy/day up to dose of 10 Gy

Objects Total lipid fraction Total phospholipid fraction
Control 10 Gy Percentage of control Control 10 Gy Percentage of control
under paired comparison under paired comparison
Cells 9470 + 820 9820+ 1110 106 £ 8.5 4120 £+ 750 3710 £ 350 99 +29
Nuclei 4070 + 920 6940 + 230 * 178 £7.9* 1650 £+ 290 3050 £ 400 190 +19.1 *
Chromatin 3920 + 520 5760 + 360 * 151 £94%* 1780 £+ 190 3030 £ 630 167 £17.3

Other details are as in Table 3.
* Difference is significant at p <0.05.

mechanism of induction of specific gene transcription. The
activation of “immediate early genes” by acute low dose
ionizing radiation and the activation of Hps 70 gene
expression upon chronic +y-irradiation were shown [47,48].
When the cells are exposed to ionizing radiation, it leads to
complex cellular responses resulting in cell death and
altered proliferation status. The underlying cytotoxic, cyto-
protective and cellular stress responses to radiation are
mediated by existing signaling pathways. Virtually all
known signaling cell pathways are involved in radiation
cell response [49]. Phosphoinositides are known as mediator
of nuclear responses. PI and its metabolites are hydrolyzed
when mitosis is stimulated; at the same time, the amount of
nuclei DAG increases and PKC in the nuclei translocates
[2]. In the case of continuous <y-irradiation at a damaging
dose rate, PI accumulation in chromatin is most likely to
connect with inhibition of cell proliferation and DNA repair
under partial normalization of a state. P metabolites take part
in the activation of DNA polymerase «. This enzyme partic-
ipates in the synthesis and excision repair of DNA [50]. PS is
known as an effective activator of PKC [51]. PS accumu-
lation in nuclei and chromatin is probably due to the activa-
tion of gene transcription for the radiation damage repair. PS
activated RNA polymerase and induced the chromatin decon-
densation on the isolated liver nuclei [35,52]. PI and PS
accumulation and the rapid entering of fatty acids in chro-
matin of thymocytes from irradiated rats are related to the
chromatin transcriptional activity and repair of DNA.

Table 7

Thus, we analyzed nuclear and chromatin lipid metabo-
lism during an adaptation to a harmful environment. Rats
were irradiated at the same conditions up to a total dose of
20 Gy. The liver cholesterol content under these conditions
of treatment altered inconsiderably [39]. The activation of
liver cholesterol synthesis upon irradiation of animals is
suggested to be a common liver tissue response to acute
sublethal and lethal ionizing radiation [53]. If rats were
chronic irradiated up to dose of 20 Gy, the cholesterol
synthesis in liver was unchanged [54]. In the liver cells at
the same conditions of rats irradiated cytologically, prene-
crobiotic changes were shown [55]. The pronounced alter-
ations in the lipid composition were observed in the nuclear
fraction of liver while the lipid composition of whole liver
was the same as control [56]. In mitochondria CL and
cholesterol were increased [57]. The nuclear level of PE
increased significantly after irradiation; the level of PC+PS
was also enhanced (Table 9). The cell nuclei are known to
be a site where the main regulatory signals are realized. An
enhancement in the level of PC and PE after irradiation at
low dose rate can be related to the involvement of these
phospholipids in one of the cell signaling systems. It is
important to underline that the level of nuclear cholesterol
increased (Table 9). These data unambiguously imply that
the nuclear cholesterol take part in responses of animal to
the chronic low dose rate irradiation. It is of great interest
that the level of nuclear fatty acids decreased. The fatty
acids are used by nuclei as an energy source; hence, their

The amount (ug lipid/mg protein) and radioactivity (cpm/mg protein) of cholesterol and fatty acids of cells, nuclei and chromatin of the thymus of control and

irradiated rats

Objects Quantity Radioactivity
Control 10 Gy Percentage of control Control 10 Gy Percentage of control
under paired comparison under paired comparison
Cholesterol
Cells 123+ 0.9 109+ 1.6 87+6.2 352+ 153 415+ 170 130£29
Nuclei 9.6+0.3 9.1+0.9 95+9.5 209 £+ 63 205 £22 98+ 12
Chromatin 52406 5440.1 107+ 12 167 £23 249 £+ 50 148 £ 18
Fatty acids
Cells 63.8 + 8.8 384+54 60 £5.8%* 277 £42 349 £ 59 125+£23%*
Nuclei 46.9 + 14 46.4+12.6 99+ 12 235+ 12 464+ 9% 170 £ 10*
Chromatin 23.0+33 21.8+2.0 97 £8.8 197 £ 54 391 +£97 205+ 18*

Other details are as in Table 3.
* Difference is significant at p <0.05.
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Table 8

The amount (ug lipid/mg protein) of phospholipids in thymus cells, nuclei and chromatin after chronic y-irradiation of rats at a dose rate of 12.9 cGy/day up to

a dose of 10 Gy

Lipids Thymocytes Nuclei Chromatin

Control 10 Gy Percentage ~ Control 10 Gy Percentage  Control 10 Gy Percentage

of control” of control” of control”

Sphingomyelin 1.1+0.1 1.1+0.1 100+ 2 14+03 1.5+£04 1078 1.1+0.3 1.0+0.2 93+ 11
Phosphatidylcholine 227+08 241435 105+12 151+48 175+46 1l6+12 171+3.0 228+42 134+17
Phosphatidylserine 3.7+0.1 43+13 114127 1.8+0.5 25+07 141+2%* 1.9+04 30+£06 156 +2%*
Phosphatidylinositol 3.1+0.1 34+£02 110%10 20104 30£09 139+20 1.6+ 0.4 28+07 171+9*
Phosphatidylethanolamine 75104 7718 103%+9 45+14 46+08 110x13 54+13 58+13 11116
Cardiolipin 1.7+£0.2 1.2+0.1 92+6 1.0+0.2 1.1+£02 112+11 1.0£0.1 09+0.1 88+ 7

Other details are as in Table 3.
# Difference is significant under paired comparison at p<0.05.
* Difference is significant at p <0.02.

specific changes in this organelle may coincide with radia-
tion-induced alteration in energy production. Changes in the
composition of nuclear lipids can also be induced by trans-
location of some specific proteins from the cytoplasm to the
nuclei. This type of event takes place in pathways of
regulatory signal transduction [2,58]. The lipids of the
nuclear envelope comprise the largest part of the nuclear
lipids [19]. Our data indicated great changes in the fluidity
of liver nuclear membranes after chronic irradiation of rats
at a dose rate of 12.9 ¢Gy/day up to a final dose of 20 Gy. In
chromatin from the liver of irradiated rats, the amount of
cholesterol showed weak tendency to increase, but the
amount of fatty acids, PC+PS, PE and SM did not change
in comparison to the control value. Only the amount of CL
is shown to sharply decrease (Table 9). The role of chro-
matin and DNA-bound CL in DNA structure and cell
proliferation are now discussed [59]. Thus, the correlation
between the changes of genome function and the chromatin
lipid composition after the effect of ionizing radiation on
animal could be proposed.

An acute irradiation of rats led to more changes in liver
chromatin lipid composition than those under a low dose
rate continuous irradiation. In 10 min after irradiation of rats
at a lethal dose of 10 Gy, the amount of liver chromatin
phospholipids decreased while the amount of cholesterol

Table 9

increased. The most pronounced effects under these con-
ditions were the large decrease in CL and the increase of
PC+PS [10]. At this period of time and at this radiation
dose, nuclear protein phosphorylation and RNA and protein
synthesis in rat liver increased [60]. Metabolic response of
nuclear and chromatin lipids to irradiation is time dependent
[9,20]. At present, the role of chromatin lipid changes in the
metabolic and functional response of chromatin to ionizing
radiation of an animal is obscure.

5. The effects a lethal dose of ionizing radiation on the
nuclear and chromatin lipid metabolism in rat thymus

The effect of ionizing radiation at a dose of 10 Gy, which
is absolute lethal, causes a mitosis block and induction of
cell apoptosis in lymphoid tissues. At an earlier period of
time after irradiation, changes in nuclear and chromatin lipid
metabolism in rat thymus is of a preapoptotic significance.
We have isolated thymocytes at that very moment after
acute irradiation of rats at a dose of 10 Gy [61,62]. The
changes in lipid amounts were very poor in the thymus
nuclei (Table 10); the increase in fatty acid contents is also
not much significant. The amount of cholesterol and phos-
pholipids did not change. The absence of the transcriptional

The amount (ug lipid/mg protein) of lipids isolated from liver nuclei and chromatin after whole-body irradiation of rats at a dose rate of 12.9 cGy/day up to a

dose of 20 Gy

Lipids Nuclei Chromatin

Control 20 Gy Control 20 Gy
Fatty acids 78 £20 54+ 14%** 59+10 46 + 14
Cholesterol 134+ 1.1 19.6 £ 1.9%* 10.6 £2.2 13.4+04
Total phospholipids 94+ 9 92+7 - -
Phosphatidylcholine + phosphatidylserine 17.1 £ 0.6 29.7+0.2%* 21.1+1.4 22.0+2.7
Phosphatidylethanolamine 5.05+0.95 13.8+2.1% 56103 7.5+0.9
Sphingomyelin 43408 43104 4.8+0.5 49+12
Cardiolipin 2.02+0.07 2.49 +£0.76 53109 1.5+0.1%
Body mass (g) 520+ 4 496 + 18

Other details are as in Table 3.
* Difference is significant at p<0.05.
** Difference is significant under paired comparison at p <0.05.
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Table 10
The amount and specific radioactivity of lipids in nuclei and chromatin of thymus from vy-irradiated rats at a dose of 10 Gy
Lipids Amount (ug lipid/mg protein) Specific radioactivity (cpm/mg lipid)

Nuclei Chromatin Nuclei Chromatin

Control 10 Gy Control 10 Gy Control 10 Gy Control 10 Gy
Cholesterol 74+1.1 6.8+0.7 47405 49+04 13+5 11+3 35+20 315
Fatty acids 143+36 17.1+08** 114+3.0 11.6+1.2 60+10 45+05 9.0+20 7.0%0.7
Phosphatidylcholine + phosphatidylserine  24.0 £ 6.0 28.0 £ 4.0 16.8 +3.9 19+ 6 300+50 240+30 58+17 48 £ 3**
Phosphatidylethanolamine 81+13 73x£1.0 45+0.1 72+£0.7%* 26+ 8 20£5 59+4 42+10
Sphingomyelin 1.8+ 1.1 1.9+0.9 1.0+0.2 1.5+0.5 8§+3 5+2 34+ 10 10 £ 5**
Cardiolipin 1.0+0.2 1.0+0.2 1.1+£0.2 09+0.2 10+3 64+21 90+80 110+40
Total phospholipids 549+88 525+1.8 36.8+13 363168

Thymocytes were isolated immediately after irradiation and were incubated for 40 min with 2-'*C-acetate. Values are means + S.E. of three separate

experiments.
* Difference is significant at p <0.05.
** Difference is significant under paired comparison at p <0.05.

or replicative activation is accompanied by the absence of
serious lipid changes in preapoptotic nuclei. The sharp rise
of chromatin PE in thymocytes of the irradiated rats was
shown. Rat hepatocyte nuclei have an enzyme of choline
base exchange. Base-exchange enzyme complex is most
likely to be present in chromatin thymocytes. The presence
of this base-exchange enzyme complex may allow a fast
change in chromatin phospholipid composition [63]. The
rise of chromatin PE amount is not accompanied with any
changes of the chromatin or nuclear PC + PS amount. Thus,
the interconversion of phospholipids is not shown. It is
known that PE, like PC, triggered chromatin condensation
[35] and inhibited endogenous RNA polymerase activity of
isolated rat liver nucleus [52]. The accumulation of PE in
chromatin of the lethal irradiated preapoptotic thymocytes
coincides with the repression of certain genes after the lethal
v-irradiation of rats. The incorporation of the labeled acetate
in the total lipid fraction of thymocytes was diminished after
irradiation. No changes in specific radioactivity of fatty
acids and cholesterol in nuclei and chromatin are observed
after irradiation. Thus, the activation of lipogenesis after the
sublethal dose observed in lymphoid cells of irradiated rats
[33] was not registered under the action of the lethal dose of
irradiation. '*C-acetate is a primary precursor of synthesis of
fatty acids and cholesterol. '*C-fatty acids are incorporated
in phospholipids via acylation—deacylation processes. Table
10 shows that SM and CL from chromatin are labeled more
intensively than those from nuclei. A high specific radio-
activity of the chromatin phospholipids may occur by active
transacylation of phospholipids in chromatin or by a transfer
of newly synthesized phospholipids from cytoplasmic com-
partments to chromatin. The traffic of highly labeled species
from cytoplasm to chromatin is suggested for fatty acids and
cholesterol. The investigation of 2-'*C-acetate incorporation
in cholesterol and fatty acids of nuclei, chromatin and
nuclear membrane of thymocytes supports this assumption
[19]. The incorporation of labeled acetate in SM and
PC+PS of chromatin is reduced; that is not observed in
nuclei. SM is metabolized in chromatin. The enzyme
phosphatidylcholine ceramide phosphocholine transferase

or SM synthase is present in the nuclear membrane and
chromatin, although with higher activity in nuclear mem-
brane in rat liver nucleus [64]. A neutral sphingomyelinase
(SMase) is present in the two nuclear fractions of rat liver
cells—nuclear membrane and chromatin—and is character-
ized by different pH optima. The chromatin SMase activity
varies during liver regeneration [26]. The amount of SM in
chromatin and nuclei did not change after irradiation.
Consequently, inhibition of labeled acetate incorporation
in chromatin SM can be related to the inhibition of reac-
ylation. Thus, changes in thymocyte chromatin lipid metab-
olism after a lethal dose of radiation differ from those in
thymocyte nuclei. Changes in lipid metabolism of chromatin
are coupled with preapoptotic changes in irradiated rat
thymocytes.

6. Discussion

Ionizing radiation alters nuclear and chromatin lipid
metabolism in the radioresistant and radiosensitive tissues
of animals. Nonlethal doses of +y-irradiation and other
chemicals cause changes in the amount of nuclear fatty
acids. Cell repair after physical and chemical injuries is
accompanied by increase in nuclear and chromatin fatty
acids and decrease in nuclear and chromatin phospholipids.
The chronic low dose rate irradiation leads to a significant
change in phospholipid and neutral lipid metabolism in
nuclei and chromatin from radiosensitive (thymus) and
radioresistant (liver) tissues of rat. Under the adaptation of
rat to the chronic low dose rate -y-irradiation, the increase of
PI and PS in the thymocyte chromatin is associated with
DNA repair. The injury of rat liver cell under irradiation at a
dose rate of 12.9 cGy/day concurs with a sharp decline of
the chromatin CL amount. The earlier state of rat thymo-
cytes after a lethal dose of y-irradiation was characterized
by the increase in chromatin PE. In many cases of cell
injury, changes in nuclei lipid metabolism differed from that
of the chromatin lipids. The nuclear and chromatin lipid
responses to the damaging agents were not completely
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determined by the chromatin and the nuclear enzyme, which
metabolized lipid in nuclei and chromatin. The lipid transfer
from cytoplasmic compartments to nuclei and chromatin
may be involved in the responses of nuclear and chromatin
lipid metabolism to ionizing radiation and to other damag-
ing agents. It was shown that acceleration of lipid metabo-
lism in the liver of irradiated rats was concomitant with the
increase in the rate of labeled cholesterol transfer in vivo to
liver nuclei. In vitro, the transfer of cholesterol between
microsomes and nuclei remain unchanged using lipid ex-
change protein. Cholesterol transfer is suggested to activate
in the cells of irradiated rats via the pathway other than lipid
exchange protein [65]. It shows the participation of PI
transfer protein in the translocation of PI from liposomes
to nucleus. [66]. The translocation of the signaling mole-
cules to nuclei is probably coupled with the lipid traffic in
nuclei and chromatin. The role of lipids in the protein
translocation into the nucleus by the signal transduction
pathways needs further investigation.
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Abstract

The problems of the origin of primary cells and eukaryotic cells are discussed in terms of possible role of interactions between nucleic
acids with lipid membrane according to corresponding original hypothesis. We propose that there are two main hypotheses of the origin of
primary cells: (a) RNA appeared before proteins and DNA [Nature 213 (1967) 119]; (b) it is needed for the appearance of a primary cell, the
volume closed by the lipid membrane. There was no information about the ways on how RNA appeared inside that volume for saving the
reaction products around. Our hypothesis suggests that one of the starting points in the origination of primary cells was the interaction of
nucleic acid and lipid membrane bubbles in the presence of metal (II) ions (which existed in high concentrations in prebiotic conditions), and
this resulted in the enclosing of the pro-RNAs inside the lipid membrane. This hypothesis is formulated by us on the basis of experimental
biochemical and biophysical studies of the DNA/RNA —phospholipid vesicles interactions in the presence of metal ions (II) fulfilled in the
Institute of Biomedical Chemistry, RAMS, Moscow and Institute of Biophysics, RAS, Pushchino. Our belief is that DNA—membrane
contacts (DNA—MCs) played an important role in the prokaryotes-to-eukaryotes transition. The model of the confluence of four prokaryotic
cells may explain the prokaryotes-to-eukaryotes transition by the way of eukaryotic nuclear pore formation from prokaryotic Bayer’ contacts.
The main requirement for the following fusion of prokaryotic cells must be their mutual orientation. After possible association, the division of
the formed cell is begun. The great advantage of the model of four prokaryotic cells is the profit in the metabolism and the possibility of the
intensive growth of intercellular membrane structures.
© 2002 Elsevier Science B.V. All rights reserved.

Keywords: Initial cells; Prokaryotic cells; Eukaryotic cells; Lipid—nucleic acid interaction and recognition; DNA —membrane contacts; Cell fusion; Bayer’s
junctions; Prokaryote-to-eukaryote transition

1. Introduction
1.1. Hypothesis on the origin of the first cells

The interest to the research of the interactions of nucleic
acids (DNA and RNA) with lipids and phospholipid mem-
branes has greatly increased recently. This type of funda-
mental interactions of the main classes of biomacromole-
cules along with (phospho)lipid—nucleic acid interactions
[1-3] and nucleic acid—lipid membrane recognition [4]
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E-mail address: renat@ibmh.msk.su (R.I. Zhdanov).

becomes important during the consideration of the prob-
lems, connected with the nuclear matrix, regulation of the
gene expression and gene transfer through the biomem-
branes [5—7]. It is established now that the DNA and RNA
interact with membrane structures both in prokaryotes and
in eukaryotes [8,9]. In both types of cells, DNA—membrane
contacts (DNA—MCs) serve as the place of initiation of the
transcription and replication, causing the higher expression
of genome sites, contacting with the nuclear membrane.
This increased interest is also connected with the recent use
of the cationic lipid—DNA complexes (genosomes or lip-
oplexes)—for gene transfer and delivery for the purposes of
gene therapy [10—12]. On the other side, this phenomenon
is caused by entering molecular and cell biology (decoding
human genome sequence [13]) to the “post-genome era”,
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with the increased interest to study the lipids’ role in gene/
genome expression and regulation. The fact is that the hopes
of the genome medicine to explain human diseases by
genetic mistakes have reached a deadlock, because with
about 3000 hereditary diseases, the number of all diseases
amounts to some dozens of thousands. Thus, it is becoming
obvious that the majority of the pathological states origi-
nated from the disturbances in gene regulation, but not by
the defects in the gene structure. Up to now, it has been well
established that chromatin-bound lipids (weakly or strongly
DNA-bound lipids: cardiolipin, diglycerides, cholesterol
and its ethers) play a great structural and functional role,
and they are involved indeed in the regulation of gene
expression [14]. Taking into account these findings, we
proposed that lipid-like molecules and their interactions
with the pro-nucleic acids could play a key role both in
evolution of prokaryotes to eukaryotes [15] and in origi-
nation of initial cells [16]. Currently, the problems and
questions on the origin of life and functioning initial cells
are of great interest not only for the chemists and biologists,
but also for the wide scientific community [17-32].

Current opinions in the origin of initial cells could be
summarized using the following ideas:

(a) The initial cells originated in the World Ocean at a
depth of a few meters—they had to be protected from the
solar radiation due to the absence of the ozone layer in the
atmosphere [33];

(b) According to Crick’s hypothesis [17], mediators of
genetic information in initial cells appeared to be pro-RNA
molecules, capable of replication and protein synthesis
(those molecules appeared before proteins) [34—37];

(c) Pro-RNA molecules could be synthesized in the pre-
biotic conditions of the atmosphere and the World Ocean of
that time: ribose and nucleic acid bases could be synthesized
from hydrogen cyanide (and its oligomers) and formalde-
hyde [38]. Amino acids as shown by Miller’s experiments
could be obtained from the mixture of ammonia, nitrogen,
and hydrogen under electric discharge [39,40]. Lipid mole-
cules could be formed by glycerol and fatty acids.

(d) Decisive factors for initial cells’ origination might be
the existence of a lipid membrane around the replicating
pro-RNA molecule. This membrane would hinder the exit
of products from the reaction mixture. Hargreaves and
Deamer [41] proposed that the existence of lipid-like
molecules was most important for biomembranes (two-
dimensional liquids) to be formed. These lipid molecules
would possess certain qualities: sphere formation through
self-association, formation of water compartments inside the
sphere, permeability for ions and water, elasticity and fluid-
ity (self-reparation), etc. De Duve also stressed the impor-
tance of association of initial replicating molecules (pro-
RNA) with membranous structures, “which could grow and
divide themselves, and thus to be an object of real Darwin’
selection” [42—45]. Determination of the process by which
the nucleic acids could find themselves in the closed space
of biomembrane has not been discussed in enough details.

The problem has been considered in the present work in
connection with the findings that resulted from the study of
interaction between double-stranded RNA and phospholipid
vesicles [46].

1.2. Current knowledge on prokaryote-to-eukaryote tran-
sition

At present, there exists a number of hypothesis on the
origin of eukaryotic cells from prokaryotic ones [47,48]. A
number of possible schemes have been considered in the
current concepts of the prokaryote-to-eukaryote transition. It
was proposed that the eukaryotic nucleus arose from the
fusion of two classes of proto-eukaryotic cells, namely
eubacteria and archaebacteria. The problem is considered
here from a different viewpoint, in terms of the importance
of the DNA—membrane interactions for this process [15].
Alongside the lipid—nucleic acid interactions [1,2,8,49], and
(phospho)lipid—nucleic acid recognition [3.,4], this type of
fundamental interaction of the basic classes of biomacro-
molecules has lately received much attention from research-
ers concerned with the problems of nuclear matrix organ-
ization, regulation of gene expression [§], and gene transfer
across biomembranes [10—12,50,51].

The phenomenon and the importance of the interaction of
DNA with cellular membranous structures have been estab-
lished for prokaryotes and eukaryotes. In these types of
organisms, the DNA —membrane contacts provide sites for
the initiation of transcription and replication processes, as
well as regulating the expression of genome sites interacting
with the inner nuclear membrane. The model for such
contacts taking into account the role of DNA-lipid inter-
actions has been discussed earlier [2,52].

According to this model, the prokaryotic Bayer’s junc-
tions (BJs) serving as the sites of DNA attachment to the
membrane, act as the adhesion zones between the cellular
wall and the cytoplasmatic membrane. The DNA—-mem-
brane contacts in eukaryotic cells appear to be the analogues
of the nuclear pores or the porous annulate lamellae. This
means excluding the concept of eukaryotic cells originating
from one or another representative of the presently existing
classes of bacteria with probable inclusion of chloroplasts or
cyanobacteria into these cells at later stages. It is most likely
that the ancestors of the present eukaryotes (the proto-
eukaryotes) have ceased to exist. Indeed, if they do exist,
then the state they have acquired in the process of evolution
differs a great deal from that of their progenitors.

2. Hypothesis

2.1. Nucleic acid—lipid interactions in the origin of initial
cells

The self-replicating pro-RNA molecule could find itself
in the closed volume as the result of endocytosis or of some
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other related process [45]. In the case of the more complex
objects, lipid membrane polymorphic changes could play a
key role in those processes how it was demonstrated for
Ca® " -induced capture of exogenic DNA by gram-negative
bacteria [58]. To explain how the pro-RNA molecule could
find itself in the closed membrane volume, we have to
attract also our results of the study of the interaction
between phospholipid vesicles and nucleic acids (plasmid
DNA, RNA) in the presence of comparatively high concen-
tration of metal (II) ions. Thus, it was shown [53—-56] that
the plasmid DNA condenses with phospholipid vesicles in
the presence of Me” " ions (from 15 to 50 mM), forming the
genosome precipitates during the centrifugation of the
mixture. Such condensation does not take place at lower
concentrations of Me>* ions (0—10 mM). The same authors
showed that the plasmid DNA in this complex is covered by
a phospholipid bilayer, DNA being protected not only
against enzymes (DNase, topoisomerase I), but also against
dyeing with fluorescent probes (ethidium bromide, DAPI),
which intercalate into double-stranded DNA. The analogous
phenomena have been demonstrated for DNA condensation
with cationic lipids even in the absence of metal (II) ions.
Taking into account the results of experiments mentioned
above, it might be proposed that a self-replicating pro-RNA
molecule could get inside a lipid membrane as a result of
assembling in the presence of metal (II) ions, which were in
abundance in those prebiotic conditions. Scheme 1 repre-
sents a chain of possible events in prebiotic period. There
were the number of molecules of simple chemicals in
prebiotic conditions, namely, nitrogen, hydrogen, carbon
dioxide, hydrogen cyanide, existing in ocean at high temper-
ature and electric discharges. Some lipidous molecules
could be formed first at these conditions. It was reported,
for example, that NASA scientists succeeded to form some
vesicles from lipid material scraped from meteorites. Pre-
RNA molecules could be processed then on the surface of
those lipid bubbles/vesicles. Those pre-RNA could appear
inside lipid vesicles at high concentration of divalent metal
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cations existing in excess at those conditions (Scheme 1)
which could lead to the first self-reproductive systems.

2.2. The four proto-eukaryotic cell fusion model

One of the most natural concepts in this context is that of
fusion of several proto-eukaryotic cells into a eukaryotic cell
with a single nucleus [57]. The question of how it could
happen has not been previously discussed. To gain a better
insight into this process, it was thought worthwhile to
consider the role of the nucleic acid—membrane contacts
in the organization of the prokaryotic nucleoid. In this case,
our target was the elucidation of the mechanism of the
nucleus formation in the initial eukaryotic cell as well as the
transition from the DNA-membrane contacts of proto-
eukaryotes to the nuclear pores of eukaryotes. The basic
requirements following from the cell fusion model suggest
such orientation of the cells involved during their merging
which excluded the problems for division of the ancestor
cell, and the enormous advantages to metabolic events. The
conditions must have been met during evolution as was
evident from preparing hybrid eukaryotic cells in vitro.

Scheme 2 presents the scheme of formation of the
eukaryotic cell from four different prokaryotic cells
(Scheme 2a and b) [15]. The solid line displays the DNA
(the prokaryotic cell’s nucleoid) attached at several points to
the membrane. The fusion of four different cells is demon-
strated by Scheme 2b (lateral view) and Scheme 2c¢ (hori-
zontal section). Scheme 2d shows the result of such fusion
(top view). The dark spots on the membrane show the BlJs
becoming the DNA—-MCs from the four former prokaryotic
cells. There are four different sets of DNA—-MC as shown
by four types of lines. The light dotted line represents DNA
on the further inner cell membrane. The double bacterial
envelope (the cell wall and cytoplasmic membrane) is
represented in Scheme 2d by the solid line.

For a better understanding of these stages of the process,
we should assume that the integration of the nucleoids of
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fusion

Scheme 2. (a—g). Origin of eukaryotic cell through the fusion of four different proto-eukaryotic cells, eubacteria and/or archaebacteria. (a) Four different proto-
eukaryotic cells ready to fuse to form the eukaryotic cell. The solid line represents the prokaryotic nucleoid; (b) the proto-eukaryotic cells are in the stage of
fusion. There are four sets of prokaryotic nucleoids (solid lines); (c) section (top view of b) showing the fusion of four different proto-eukaryotic cells. The dark
spots represent the contacts between the proto-eukaryotic membrane and the nucleoid DNA: DNA —membrane; contacts (DNA—MC); (d) the pre-eukaryotic
cell formed as the result of the fusion of four proto-eukaryotic cells (top view). The double bacterial envelope (the cellular wall and membrane) is represented
by a closed solid line. There are four different sets of DNA—MC as shown by four types of lines. The dotted line represents DNA at the inner cell membrane:
(e) separation of DNA—MC is followed by formation of different chromosomes (C1—C4) and intracellular membranous structures. The final step of this cell
fusion model suggests the condensation of chromosomes to form the eukaryotic-genome and the fusion of membrane vesicles followed by the formation of the
nuclear membrane and subcellular structures, as the eukaryotic cell is formed (not shown in scheme).

four proto-eukaryotic cells of different types to form one
eukaryotic cell brings enormous advantages to such a hybrid
cell, that is, a better chance for survival in a broader range of
external conditions (nutrition, humidity, temperature range,
atmospheric conditions). The result must not only be the
survival of fortunate combinations of such hybrid cells, but
also their flourishing, rapid growth and reproduction. Inten-
sive synthesis of proteins, lipids and other bioactive mole-
cules leads to the acceleration of the membranous structure’s
growth. Due to the high rigidity of the exterior membrane
(the cell wall) in the hybrid and its remoteness from the cell
centre, the growth is most probably made by the inner
cytoplasmic membrane. However, the latter grows into the

cell itself, with formation of protrusions, cisterns, cylinders,
endoplasmic reticulum and other organelles.

The availability of the two closely located membrane
layers as well as the DNA in the cell may lead, according to
our concept, to formation of the structures analogous to the
porous plates and nuclear pores. These DNA—MCs can be
gradually transformed from the BJs to the structures of the
porous plates type. This inevitably results in increased
numbers of the DNA—MC, hence the enhanced expression
of the hybrid cells genome, which may give the cells an
additional chance for survival. Having reached the highest
density of pores in the endoplasmic reticulum (ER), after the
DNA condensation in the course of mitosis, the ER is likely
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to start to disintegrate, transforming into a set of membrane
vesicles (Scheme 2¢). In the prophase of the cell cycle, a
precursor of the nuclear envelope may be formed from these
vesicles around the chromosomes (the former nucleoids not
shown in Scheme 2).

The likelihood of confluence of four different cell types
is exceedingly low, and the probability of the hybrid cell’s
survival is even less. Consequently, the evolution of eukar-
yotes from prokaryotes took place over a long period of
time, perhaps billions of years. It appears that the most
prolonged period was that of selection of optimal nucleoid
combinations, whereas the transformation of the BJs and
the DNA—-MCs into the nuclear pores in a fortunate
daughter cell may have materialized rapidly. The cell walls
of prokaryotes may have formed a common cytoplasmic
membrane of eukaryotes, which could serve as the basis for
the formation of other cellular membranes. Mitochondria
and chloroplasts have probably retained the ancient type of
the DNA—MC as well as relative autonomy in the cell,
paving the way for their later inclusion into the eukaryotic
cell.

On the other hand, many publications have been recently
summarized in the context of knowledge about the nature of
the universal tree of living organisms [57,58]. There are
some doubts about the existence of proof for the prokaryote-
to-eukaryote transition in an evolution-like manner. Until
now, data have been able to support in general the existence
of phylogenetic relationships among the three urkingdoms
(domains), namely the Bacteria (eubacteria), Archaea (arch-
aebacteria) and Eucarya (eukaryotes) as the parts of a new
tripartite view of life, having probably as a common root,
the cenancestor [58].

3. Conclusions

(1) Self-replicating pro-RNA molecules could be synthe-
sized on the surface of lipid bubbles, and could get inside
lipid membrane as a result of pro-RNA—lipid assembling in
the presence of metal (II) ions, which were in abundance in
those prebiotic conditions.

(2) The possible mechanism is proposed for the
formation of eukaryotic cell from four different proto-
eukaryotic cells. The fusion of the nucleoids of four
proto-eukaryotic cells of different types to form one
eukaryotic cell could bring enormous advantages to such
hybrid cell, that is, a better chance for survival in a
broader range of external conditions. Intensive synthesis
of proteins, lipids and other bioactive molecules could
lead to the acceleration of the membranous structure’s
growth.

(3) It appears that the most prolonged period (maybe
millions years) could be that of selection of optimal nucle-
oid combinations, whereas the transformation of the BJs and
the DNA—MC:s to the nuclear pores in a fortunate daughter
cell could materialize more rapidly.
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Abstract

The structures and formation energies of nucleic acid—phospholipid complexes both in the absence and in the presence of Mg " ions
were calculated taking double-stranded trinucleoside diphosphates NpNpN or heptanucleotides ApAp(NpNpN)pApA, composed of 64
possible combinations of genetic code, and phosphatidylcholine (PC) and sphingomyelin (SM) as model compounds. The dependence of
intramolecular interactions on the primary structure of nucleic acid molecules and on the presence of a cationic bridge was revealed. The
formation energies and structure of oligonucleotides were found by molecular mechanics calculations with the AMBER force field. The
structures of phospholipid and MgCl, molecules were calculated by the semiempirical PM3 method, while the energies of phospholipid—
oligonucleotide complexes were calculated by the molecular mechanics method. Calculations of complexes were carried out with
consideration of solvation effects. Considerable gain in the formation energy of triple complexes is achieved due to the presence of the
electroneutral metal bridge. A tendency toward increasing the stability of “triple” PC complexes (but not SM ones), containing guanosine-
and cytidine-enriched triplets was revealed. Depending on the structure of NpNpN trinucleotides, the formation energy values of NpNpN—
MgCl,—PC and ApAp(NpNpN)pApA —MgCl,—PC complexes differ by 1.7—2.6 kcal mol ~ ', which can be considered as the atomic-scale
manifestation of the recognition phenomenon. Presence of metal (II) ion bridge results in a greater stabilization of the phospholipid—nucleic
acid complexes for SM in comparison to PC (the total energy difference equals to 4—16 kcal mol ~ ). Depending on the structure of NpNpN
trinucleotides, the formation energies of NpNpN—MgCl,—SM and ApAp(NpNpN)pApA—-MgCl,—SM complexes differ by 1.7-2.1
kcal-mol ~ !, which is essential at physiological conditions and can also be considered as the recognition effect.
© 2002 Elsevier Science B.V. All rights reserved.

Keywords: Phospholipid—nucleic acids complexes; Formation energy; Computer simulation; Molecular mechanics; Quantum-chemical calculations

1. Introduction tional and energy characteristics of nucleic acid—phospho-
lipid complexes is available. At the same time, complexes of

Four main classes of biopolymers, namely, proteins, DNA with an internal nuclear membrane can be isolated and

nucleic acids, polysaccharides, and lipids are known. Only
lipid—protein and nucleic acid—protein interactions, recog-
nition and corresponding complexes were studied in detail
[1]. Interactions of nucleic acids with (phospho)lipids and
corresponding recognition phenomena have been poorly
studied. Almost no information on structural—conforma-
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studied [2,3]. The formation of DNA and RNA complexes
with phospholipid liposomes in model systems was studied
in more detail [4—6]. It is known that DNA-bound lipids
(neutral and phospholipids; weakly and tightly bound) take
part in genome expression [7], and phospholipid vesicles
can affect stability of the double DNA helix by causing its
local unwinding [8]. Direct nucleic acid—phospholipid bind-
ing is hampered because of the electrostatic repulsion
between negatively charged phosphate groups of lipids
and DNA. However, it can be strengthened by introducing
cationic bridges (e.g., metal (IT) ions, M> ") or positively
charged fragments of polypeptides or proteins [9,10].

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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The aim of this work is to evaluate a possible recognition
phenomenon using the calculations of the structure and
formation energy values of nucleic acid—phospholipid com-
plexes with phosphatidylcholine (PC) and sphingomyelin
(SM) as phospholipids both in the absence and in the
presence of the Mg? " ions. The recognition phenomenon
can follow from the dependences of intermolecular inter-
actions on the primary structure of nucleic acid and the
nature of phospholipid molecule. Similar complexes of
double-stranded nucleic acids with phosphatidylcholine lip-
osomes have been studied turbidimetrically [5], by differ-
ential scanning microcalorimetry [8,11,12] and by spin and
fluorescent labels [6,8]. The phase behavior of the lipid—
DNA complexes aqueous salt solutions was studied theo-
retically [13—15]. Using a simplified model, in which the
electrostatic and elastic interactions between the macro-
molecules were taken into account, a relative stability of a
variety of the lipid—DNA aggregates such as the flat-
bilayer, honeycomb, and cylindrical ones was determined
[13—15]. However, a particular atomic structure of the lipids
and DNA molecules was not considered in Refs. [13—15],
this molecules being considered as the macroscopic phases.
In this paper, an atomic-scale model of these complexes is
presented.

To calculate structural and energy characteristics of such
complexes, we determined energetically favorable mutual
arrangements of the lipid and oligonucleotides, as well as
the formation energies of lipid—nucleic acid complexes
between phospholipids and oligonucleotides, containing
various sequences of nitrogen bases using the molecular
mechanics method. All calculations were performed under
the assumption that nucleic acid molecules have the B-form
and that the carbohydrate core has the 2’-endo-conforma-
tion. We chose the Mg® " ion from all cations present in the
cell as it is the only divalent metal ion whose concentration
in the nucleus can reach high values.

2. Calculation procedure

Calculations were performed using the HYPERCHEM
program (Version 4.5). The formation energies and struc-
tures of oligonucleotides were found by the molecular

0 CHy
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mechanics method with the AMBER force field developed
for proteins and nucleic acids [16]. The structures of
phospholipid and MgCl, molecules were calculated by the
semiempirical PM3 method [17], whereas the energies of
phospholipid—oligonucleotide complexes were calculated
by molecular mechanics with fixed lipid geometry. The
structures of the complexes were optimized using an orig-
inal program written in the Visual Basic programming
language, which made it possible to move the lipid molecule
(with retention of its preliminarily optimized geometry) with
respect to nucleotides and cationic bridge. The complex-
ation energies were determined as differences between the
total energies of the complexes and corresponding isolated
molecules.

3. Results and discussion

We began the simulation of nucleic acid—phospholipid
complexes with calculating the diethyl phosphate—Mg?® * —
diadenosine monophosphate (ApA) complex, whose com-
ponents served as phospholipid, bridging metal ion, and
nucleic acid models, respectively. It was assumed that such
a model will in some degree reflect the interaction between
the phosphate groups of the phospholipid and nucleic acid
molecules and Mg? " ions. The calculated formation energy
of the complex was 392 kcal mol ~'. However, lipid—
nucleic acid interactions belong to much weaker intermo-
lecular interactions, so the value indicated seems to be
strongly overestimated. This is likely due to oversimplifi-
cation of the bridge structure in this model. Structures with
an electroneutral magnesium chloride bridge, which are
described below, appeared to be more adequate to the weak
interactions model. According to the different estimates, the
formation energies of such complexes do not exceed 1-2
kcal mol ~ ' (with respect to 1 mol of phospholipid per pair
of bases) [8,18].

Next we performed a molecular mechanics simulation of
nucleic acid—phospholipid complexes with phosphatidyl-
choline as phospholipid (Fig. 1). Phosphatidylcholine plays
an important role in the DNA —phospholipid interaction (for
simplicity, hydrophobic residues of PC were shortened up to
butyric acid fragments). Here, double-stranded trinucleoside
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Fig. 1. Structures of phosphatidylcholine and sphingomyelin.
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Table 1

Formation energies £ (kcal mol ~ ') of nucleic acid—phosphatidylcholine
complexes d.s. NpNpN-PC, d.s. NpNpN-MgCl,-PC, and d.s.
ApAp(NpNpN)pApA—-MgCl,—PC depending on the oligonucleotides
and on the presence of a bridging metal ion (Mg> ")

Complexes d.s. Complexes d.s. Complexes d.s.

NpNpN-PC NpNpN-— ApAp(NpNpN)pApA—
MgCl,—-PC MgCl,—-PC
Triplet —E Triplet —-E Triplet —-E
GCC 13.6 GTC 27.1 CcCcC 16.3
GTC 13.3 GGC 27.1 TCC 15.9
TCC 13.3 GAC 27.0 CCA 15.9
ACC 13.2 GCC 27.0 GCC 15.8
GCT 13.1 GTT 26.9 CTC 15.7
TTC 13.1 GGT 26.9 CCG 15.7
GAC 13.1 GAT 26.8 CCT 15.6
ATC 13.0 GCT 26.8 CGC 15.6
GCA 12.9 GTA 26.8 TCA 15.6
GTT 12.9 GGA 26.8 GCA 15.5
TCT 12.9 GAA 26.7 CAC 15.5
TAC 12.8 GCA 26.7 ACC 15.3
CCC 12.8 GTG 26.6 CGA 15.3
ACT 12.8 AGC 26.6 CTA 15.3
GGC 12.8 GGG 26.6 TCG 15.3
AAC 12.7 ATC 26.5 TGC 15.3
GTA 12.7 TTC 26.5 TTC 15.3
TCA 12.7 TGC 26.5 GGC 15.3
TTT 12.7 GAG 26.5 TCT 15.3
GAT 12.6 AAC 26.5 GCG 15.2
CTC 12.6 GCG 26.5 CAA 15.2
ACA 12.6 ACC 26.4 GTC 152
ATT 12.6 TAC 26.4 TAC 15.1
TGC 12.5 ATT 26.4 GCT 15.1
AGC 12.4 AGT 26.4 CTG 15.0
GAA 12.4 TCC 26.4 GAC 15.0
TTA 12.4 TTT 26.4 CGG 15.0
TAT 12.4 TGT 26.4 ACA 15.0
CCT 12.4 AAT 26.3 TGA 15.0
ATA 12.4 ACT 26.3 CGT 15.0
GGT 12.3 ATA 26.3 TTA 14.9
GCG 12.3 AGA 26.3 CTT 14.9
CAC 12.3 TAT 26.3 CAG 14.9
AAT 12.3 TCT 26.3 GGA 14.9
TAA 12.2 TTA 26.2 GTA 14.8
CCA 12.2 TGA 26.2 TAA 14.8
CTT 12.2 AAA 26.2 CAT 14.8
GGA 12.1 ACA 26.2 GAA 14.7
GTG 12.1 TAA 26.1 ACG 14.7
TGT 12.1 TCA 26.1 AGC 14.7
AAA 12.1 ATG 26.0 TGG 14.7
TCG 12.1 AGG 26.0 TTG 14.7
CGC 12.0 CTC 26.0 GGG 14.6
ACG 12.0 TTG 26.0 ATC 14.6
AGT 12.0 CGC 26.0 TGT 14.6
CTA 11.9 TGG 26.0 GTG 14.6
CAT 11.9 AAG 26.0 ACT 14.5
TGA 11.9 ACG 25.9 TTT 14.5
TTG 11.9 CAC 259 GGT 14.5
GAG 11.9 CCC 259 TAG 14.5
AGA 11.8 TAG 259 AAC 14.5
ATG 11.8 TCG 25.9 GTT 14.5
CAA 11.7 CTT 25.9 GAG 14.4
TAG 11.6 CGT 25.9 TAT 14.4
CGT 11.6 CAT 25.8 AGA 14.3
CCG 11.6 CCT 25.8 GAT 14.3

Table 1 (continued)
Complexes d.s.

Complexes d.s. Complexes d.s.

NpNpN-PC NpNpN-— ApAp(NpNpN)pApA—
MgCl,—PC MgCl,—PC
Triplet —E Triplet —-F Triplet —E
GGG 11.6 CTA 25.7 ATA 14.3
AAG 11.5 CGA 25.7 AAA 14.2
CGA 11.4 CAA 25.6 AGG 14.0
CTG 11.4 CCA 25.6 ATG 14.0
TGG 11.3 CTG 25.5 AAG 13.9
AGG 11.2 CGG 25.5 AGT 13.9
CAG 11.1 CAG 254 ATT 13.8
CGG 10.8 CCG 25.4 AAT 13.7

diphosphates (NpNpN) composed of 64 possible combina-
tions of guanosine (G), adenosine (A), cytidine (C), and
thymidine (T), which are constituents of genetic code, were
used as models of nucleic acid molecules. Na™ ions were
added to meet the condition of electroneutrality of the entire
system. The complementary chain of nucleic acid molecule
stabilizes the complex, thus making it possible to increase
similarity between the model complex and that existing in
solution. The parameters of (NpNpN)—PC and (NpNpN)—
MgCl,—PC complexes listed in Table 1 were calculated.
Solvation effects were taken into account by placing the
complex molecules into a cubic unit cell containing up to
1668 water molecules; the minimum distance between the
complex and solvent molecules was 0.46 A.

The most complex model is corresponded to ApAp(Np
NpN)pApA—-MgCl,—PC complexes. In this case, two
adenylic acid molecules were added in positions 3’ and 5’
of NpNpN trinucleotide in order to reduce the influence of
boundary effects on the formation energies of the com-
plexes. The sequence of three neutral nitrogen base mole-
cules was varied to obtain 64 possible heptanucleotides.

We calculated the formation energies of all complexes
with the above-mentioned trinucleotides or heptanucleoti-
des. The results of calculations are listed in Table 1. In each
column of Table 1, NpNpN trinucleotides are listed in
descending order of complex stabilities. It follows from the
data in Table 1 that the NpNpN—MgCl,—PC derivatives, in
which nucleic acid—phospholipid interactions occur with
participation of a bridging metal ion, are 13—14 kcal mol ~ '
more stable than NpNpN—-PC complexes, in which the
choline group serves as a bridge. It should be noted that
the mutual arrangement of the constituents of a bridge-
containing complex at the energy minimum corresponds to
the location of the Mg " ion between phosphate groups of
the PC and DNA molecules. Such a structure obtained as a
result of computer experiments indicates the possibility of
the formation of a DNA—phospholipid contact at which the
phosphate groups of interacting molecules form chemical
bonds with the Mg® " ion, which plays the role of a bridge.
This model requires that Mg” " cations necessarily be
shielded by anions (e.g., C1 ~); otherwise it corresponds to
extremely stable compounds similar to inorganic phosphates.
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Table 2

Formation energies E (kcal mol ~') of nucleic acid—sphingomyelin
complexes d.s. NpNpN-SM, d.s. NpNpN-MgCl,—SM, and d.s.
ApAp(NpNpN)pApA-MgCl,—~SM depending on the oligonucleotides
and on the presence of a bridging metal ion (Mg® ")

Complexes d.s. Complexes d.s. Complexes d.s.

NpNpN-SM NpNpN-— ApAp(NpNpN)pApA—
MgClL,-SM MgCl,-SM
Triplet —-E Triplet —-E Triplet —E
GGC 10.3 GGT 31.1 CCC 30.2
GGT 10.2 GGG 31.1 TCC 30.1
GTC 10.1 GGA 31.0 GCC 29.9
GAC 10.0 GGC 31.0 CGC 29.9
GTT 10.0 GAT 30.7 CTC 29.8
GGA 10.0 GTT 30.7 CCA 29.8
GAT 10.0 GAG 30.7 TGC 29.8
GCC 9.9 GTG 30.7 GGC 29.7
GCT 9.8 GAA 30.6 CAC 29.7
GTA 9.8 AGT 30.6 TCA 29.7
GGG 9.8 GAC 30.6 TTC 29.6
GAA 9.8 GTA 30.6 CCG 29.6
AGC 9.7 GTC 30.6 GCA 29.6
GTG 9.6 AGG 30.6 CCT 29.6
GCA 9.6 AGA 30.6 CGA 29.5
TGC 9.6 AGC 30.6 TAC 29.5
GAG 9.6 TGT 30.5 GTC 29.5
AGT 9.6 TGG 30.5 TCG 29.4
TGT 9.5 TGA 30.5 TGA 29.4
ATC 9.5 TGC 30.4 ACC 29.4
AAC 9.4 GCT 30.4 TCT 29.4
TTC 9.4 GCG 30.3 CTA 29.4
GCG 9.4 GCA 30.3 GAC 29.4
ATT 9.4 GCC 30.3 CAA 29.3
TAC 9.4 AAT 30.2 GCG 29.3
AGA 9.4 ATT 30.2 CGG 29.3
TTT 9.4 AAG 30.2 GGA 29.3
AAT 9.3 ATG 30.2 TTA 29.3
ACC 9.3 CGT 30.2 GCT 29.2
TGA 9.3 CGG 30.2 CGT 29.2
TAT 9.3 AAA 30.2 TGG 29.2
TCC 9.3 AAC 30.2 AGC 29.2
ACT 9.2 ATA 30.2 CTG 29.2
ATA 9.2 ATC 30.2 TAA 29.1
AGG 9.2 TAT 30.2 TGT 29.1
TCT 9.2 TTT 30.2 ACA 29.1
AAA 9.1 CGA 30.1 GTA 29.1
TTA 9.1 CGC 30.1 GGG 29.1
TGG 9.1 TAG 30.1 CAG 29.1
TAA 9.1 TTG 30.1 CTT 29.1
ATG 9.0 TAA 30.1 GAA 29.0
ACA 9.0 TAC 30.1 TTG 29.0
AAG 9.0 TTC 30.1 GGT 29.0
TCA 9.0 TTA 30.1 ATC 29.0
TTG 9.0 ACT 29.9 CAT 29.0
TAG 8.9 ACG 29.9 TAG 28.9
CGC 8.9 ACA 29.8 TTT 28.9
ACG 8.8 ACC 29.8 AAC 28.9
CGT 8.8 CAT 29.8 ACG 289
TCG 8.8 CTT 29.8 GTG 28.9
CTC 8.7 TCT 29.8 AGA 28.8
CAC 8.7 CAG 29.8 TAT 28.8
CTT 8.6 CTG 29.8 GTT 28.8
CGA 8.6 TCG 29.8 GAG 28.8
CAT 8.5 CAA 29.7 ACT 28.7
CCC 8.5 TCA 29.7 GAT 28.7

Table 2 (continued)
Complexes d.s.

Complexes d.s. Complexes d.s.

NpNpN-SM NpNpN-— ApAp(NpNpN)pApA —
MgClL,-SM MgCl,-SM
Triplet —-E Triplet —E Triplet —E
CCG 8.5 CAC 29.7 ATA 28.6
CCT 8.4 CTA 29.7 AGG 28.6
CTA 8.4 CTC 29.7 AAA 28.5
CGG 8.4 TCC 29.7 ATG 28.4
CAA 8.3 CCT 29.5 AGT 28.4
CCA 8.2 CCG 29.4 AAG 28.3
CTG 8.2 CCA 29.4 ATT 28.1
CAG 8.2 CCC 29.4 AAT 28.1

Depending on the structure of NpNpN trinucleotides, the
formation energy values of NpNpN-MgCl,—PC and
ApAp(NpNpN)pApA—MgCl,—PC complexes differ by
1.7-2.6 kcal mol ~', which can be considered as the
atomic-scale manifestation of the recognition phenomenon.
A tendency toward increasing the stability of PC complexes
with guanosine-enriched triplets can be pointed out (see
Table 1). For instance, complexes containing GGT, GGG,
GGA, and GGC nucleotide sequences are by not less than
0.3 kcal mol ~' more energetically favorable than other
complexes. The formation energies of ApAp(NpNpN)-
pApA—MgCl,—PC complexes are 10—13 kcal mol ~'
lower than those of NpNpN—MgCl,—PC complexes. This
is likely due to changes in the packing of acyl residues upon
elongation of the oligonucleotide chain, probably, in the
large groove. From the data in Table 1, it follows with
certainty that the phospholipid—nucleic acid structures con-
taining oligonucleotides with three or two guanosine resi-
dues are the most energetically favorable.

Table 2 shows the results of the calculations of formation
energy of complexes between the SM (Fig. 1b) and oligo-
nucleotides. Sphingomyelin is selected for the second step
of calculations, because of its comparatively high content in
the nuclear membrane. Comparison of the formation ener-
gies of the NpNpN—SM and NpNpN—-PC complexes points
that the direct (phospho)lipid—nucleic acid interactions are
weaker in the former case than in the latter one. However,
presence of metal (I) ion bridge results in a greater
stabilization of the phospholipid—nucleic acid complexes
for SM in comparison to PC (the total energy difference
equals to 4—16 kcal mol ~ ). The greater stability of ternary
SM complexes in comparison to PC ones explains well-
known facts of high SM content in nuclear membrane and
chromatin attachment to inner nuclear membrane [2,3.7].
Depending on the structure of NpNpN trinucleotides,
the formation energies of NpNpN-MgCl,—SM and
ApAp(NpNpN)pApA—MgCl,—SM complexes differ by
1.7-2.1 keal mol ~ !, which can also be considered as the
recognition effect.

The calculations of ternary cardiolipin—DNA complexes,
which are of great interest because of key role of cardiolipin
in the structure and function of active chromatin, are in
progress [7].
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4. Conclusion

(1) Structural models for nucleic acid—phospholipid com-
plex were proposed, and formation energy and the stabilities
values for these complexes both with and without a bridging
metal ion were estimated.

(ii) It is shown that a considerable gain in the formation
energy of ternary complexes is obtained because of the
presence of the electroneutral metal bridge as compared
with the case of direct DNA—phospholipid interaction.

(iii) The stability of ternary PC complexes containing
guanosine- and cytidine-enriched triplets grows up.

(iv) Depending on the structure of NpNpN trinucleotides,
the formation energy values of NpNpN-MgCl,—PC and
ApAp(NpNpN)pApA—MgCl,—PC complexes differ by
1.7-2.6 kcal mol !, which can be considered as the
atomic-scale manifestation of the recognition phenomenon.

(v) Presence of metal (II) ion bridge results in a greater
stabilization of the phospholipid—nucleic acid complexes
for SM in comparison to PC (the total energy difference
equals to 4—16 kcal mol ~ ).

(vi) Depending on the structure of NpNpN trinucleotides,
the formation energies of NpNpN-MgCl,—SM and
ApAp(NpNpN)pApA—-MgCl,—SM complexes differ by
1.7-2.1 kcal mol ~', which is essential at physiological
conditions and can also be considered as the recognition
effect.
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Abstract

Cationic lipid-mediated gene transfer and delivery still attract great attention of many gene therapy laboratories. From the point of view of
the most important characteristics of lipoplex particles, e.g. its charge and size, we reviewed recent studies available. In general, the paper
deals with non-viral systems of gene transfer into eukaryotic cell based on various lipids. Having usually less efficiency in gene transfer,
lipid-based gene transfer vehicles (lipoplexes/genosomes) are characterized with certain advantages even over viral ones: they are less toxic
and immunogenic, could be targetable and are easy for large-scale production, a size of transferred DNA being quite high. Conditions of
DNA condensation during interactions with lipids are described. Results of the studies of mechanism of DNA —lipid complex interactions
with the cell membrane and their transport into the nucleus are summarized. Dependence of efficiency of gene transfer on lipoplex structure
and physical—chemical properties is reviewed. Advantages and disadvantages of different macromolecule complexes from the point of view
of transfection efficiency, possibility of use in vivo, cytotoxicity and targeted gene transfer in certain organs and tissues are also discussed.
Results of transfection of different cells using neutral, anion and cation liposomes are reviewed. The conclusion reached was that efficiency
and specificity of gene transfer may grow considerably when mixed macromolecule lipid systems including polycations and glycolipids are

used.
© 2002 Elsevier Science B.V. All rights reserved.

Keywords: DNA—(phospho)lipid complexes; Genosome; Lipoplex; In vitro and in vivo gene transfer; Cationic lipids; Polycations; Hydrophobic polycations;

Non-viral targeted gene delivery

1. Introduction

Recently, the studies on gene delivery into eukaryotic
cells by the use of non-viral vector-lipid-based macromo-
lecular delivery systems have been experiencing a growing
interest owing to the appearance of clinical protocols for
gene therapy. Although the efficiency and specificity of
such non-viral delivery systems are not yet very high, some
of the problems concerning transfection methods are being
successfully solved. To date, the transfection mediators that
ensure effective and directed gene delivery into various cells
have been created. Transfection of plasmid DNA is closely
connected to the problem of condensation of its molecule
since the plasmid is too large (13—15 kb) to effectively
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Biotechnology, Martin-Luther University, Kurt-Mothes-Str. 3, Halle/Saale
06120 Germany. Fax: +7-095-245-0857.

E-mail address: renat@ibmh.msk.su (R.I. Zhdanov).

overcome the cellular membrane barrier. Besides, free DNA
has to be protected from destruction by endogenous
nucleases. Lastly, it is necessary to neutralize the negative
charge on DNA. Almost all aspects of lipid—DNA complex
structure and of gene transfer mechanism of non-viral
systems based on them are connected to the electrostatic
interactions and the decisive role of the charge, i.e. to
bioelectrochemistry and even to the biodistribution of
DNA-lipid complexes being dependent on particles’ sur-
face charge. It permits the authors to discuss the problems
connected to the use of lipid—nucleic acid complexes in
gene transfer and therapy in this paper. For DNA transport
through the cellular membrane and further into the nucleus,
a variety of complex-forming and condensing agents are
used—such as polyvalent cations (Ca*", Mn*", Co(NH;)*",
La®"), polycations (spermin, spermidin, histones, basic
proteins, polyethylenimines), cationic polyelectrolytes
(including polypeptides and dendrimers) and cationic lip-
osomes. Condensation of DNA with these transfection

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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mediators leads to its compaction with subsequent alter-
ations in its superficial structure and hydrophobic properties
and, most importantly, diminishes the size of a particle, thus
promoting its penetration into the cell. DNA integrated into
such a complex is protected from nuclease action [1—4].
Nowadays, the most widespread non-viral transfection sys-
tems for use in gene therapy are the lipid-based artificial
macromolecular complexes. They involve cationic lipo-
somes formed from diverse synthetic cationic and amphi-
philic lipids as well as helper lipids—specifically, various
natural and synthetic polycations (e.g. polylysine, polyethy-
leneimine), hydrophobic oligo- and polycations [5—13]. All
the abovementioned non-viral vectors and systems accom-
plish the indirect, passive transport of functional genes into
cells and tissues—except in cases where the macromolecu-
lar complexes are employed for receptor-mediated gene
transfer [2,14]. The present work reviews the up-to-date
amount of transfection data obtained by the use of natural
and synthetic lipid-based polycations. Much attention is
paid to the key points of the gene transfer mechanism using
polycations and liposomes.

2. The mechanism of lipofection

Entry of the DNA —lipid complex into the cell may occur
by two main pathways: (a) endocytosis with subsequent
destruction of an endosome within the cell [15—18] and (b)
direct fusion with cellular membrane [6] (Fig. 1). It was
shown [19] that the major part of the complexes are
internalized by endocytosis and only 2% of cells are trans-
fected through direct complex-membrane fusion. Successful
gene delivery by use of cationic liposomes requires the
following conditions [20]: (1) condensation of DNA into the
genosome and its protection from degradation by intra-

cellular nucleases; (2) adhesion of DNA-lipid complex
onto the cellular surface; (3) genosome internalization; (4)
fusion of an internalized DNA —cationic liposome complex
with the endosome membrane; (5) escape of DNA from the
endosome; (6) entry of DNA into the nucleus followed by
gene expression. Adhesion of the complex, containing the
positively charged cationic liposomes onto the negatively
charged outer membrane of the cell occurs through electro-
static interactions. Removal by the use of pronase of the
negatively charged glycoprotein from the cellular membrane
diminishes the transfection efficiency, whereas the treatment
of cells with poly-L-lysine prior to transfection enhances it.
This latter effect is probably connected to the formation of a
protective layer, consisting of positively charged polypep-
tide residues on the negatively charged cellular surface, or to
the enhanced adhesion of the complex [20].

3. Transgene expression in the nucleus

Transport of genetic construction into the nucleus is the
key stage of efficiency of the gene delivery process. Experi-
ments with a transfected (labeled [Au]DNA)-containing
complex showed this complex to be localized mostly in
the pericellular space [15]. The data obtained revealed that
after lipofection, 98% of COS-1 cells contained plasmid in
the cytoplasm, whereas only 10% of the cells expressed the
reporter gene of P-galactosidase. Using the labeled com-
plexes Felgner and Ringold [21] found that despite the
adsorption by cells of 20—80% of plasmid DNA added,
only less than 1% of the latter was detected in the nucleus.
The ability of cells to express the transgene DNA is
connected, among other factors, to its longevity in the
nucleus. Normal human fibroblasts, which are difficult to
transfect, were found to eliminate rapidly exogenous DNA

exchange

Fig. 1. Proposed mechanism for transfer of lipoplexes/genosomes to the nucleus (based on data: D. Lasic. Liposomes in Gene Transfer, CRC Press, Boca

Raton, 1997 [4]).
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from the nucleus. On the contrary, plasmid DNA retains
stability in the nucleus of easily transfected HeLa cells for a
very long time [22].

4. Anionic and neutral liposomes

As a rule, transfection by the use of anionic or neutral
liposomes is not very efficient. On the whole, these lip-
osomes are transfection-efficient when applied in vitro and
much less efficient being applied in vivo. Experiments with
usage of such glycolipid-complexed liposomes for targeted
delivery of insulin-responsible genes into liver cells were
described [14,23]. The construction of pH-sensitive, lym-
phoma cell-specific immunoliposomes was also described.
However, transfection in both cases [24] was not very
effective. Recently, we have proposed a non-cationic lip-
ofection method based on the use of amphiphilic phospho-
lipid vesicles in the presence of high concentration of
bivalent metal ions (Ca, Mg) [1]. Phosphoryl groups of
DNA within the neutral liposome-containing complexes are
bridged with phosphoryl groups of phospholipids by diva-
lent metal ions. The phenomenon of condensation of nucleic
acids with amphiphilic phospholipids and formation of the
phospholipid bilayer structures around the DNA/RNA in the
presence of divalent metal cations was studied by a variety
of biochemical [25-28] and biophysical [29—36] methods.
Such complexes form a network consisting of nucleic acid
and liposomes, bridged by metal(I) ions. Investigation of
complex’s structure by electron microscopic methods
showed that DNA in such conditions is enwrapped into
cylindrical (spaghetti-like) phospolipid bilayers [35,36],
allowing it to retain stability in transfection conditions in
vivo. Besides, transfection complexes, based on neutral
phospholipids, are not subject to the major drawback of
cationic liposomes—their ability to form complexes with
DNA too tightly and hence preventing DNA release and its
further way into the cell nucleus. It is worth to note that
addition of anionic liposomes to the DNA—lipid complex
leads to the rapid destabilization of a membrane and to DNA
liberation [37].

Complexes of pH-sensitive liposomes, containing cal-
cium ions and glycyrrhizin (GA) and the a-tocopherol ester
of succinic acid (TS) (Fig. 2), were used for transfection of
pSEAP and pQE-LacZ plasmids into various cell lines in
vitro [38]. The glycyrrhizin structure consists of aglycon
and of three residues of glucuronic acid (an oligosaccharide
moiety which may also serve as an addressing group), since
it is known that GA ensures tropicity of liposomes to the
liver tissue. Components of liposomes, GA and TS, just like
the cholesterol ester of TS used for this purpose earlier,
carry the carboxy group residues, ensuring pH sensitivity.
The efficiency of transfection into 1929 cells with GA-
containing amphiphilic liposomes in the presence of Ca ions
(50 mM) was comparable with that of Ca—phosphate DNA
precipitation. Usage of TS—liposomes led to the increase of
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Fig. 2. Structure of new pH-sensitive agents [40]: glycyrrhyzin (a) and o-
tocopherol ester of succinic acid (b).

transfection level compared to the one obtained for GA-
containing liposomes. Comparison of transfection efficiency
of amphiphilic and positively charged liposomes revealed
insignificant differences in the efficiency of both gene
delivery systems. Direct injections of amphiphilic lipo-
somes’ complexes with pQE-LacZ plasmid into mouse
muscle also gave positive results [39]. Tissue distribution
of ["*C]-DNA itself and corresponding PC/GA and PC/TS
lipoplexes were examined following intraperitoneal admin-
istration of a 24-h postdose. The ['*C]-DNA itself was not
detected in any organs at a 1.5-h postdose. The use of PC/
GL or PC/TSA lipoplexes considerably changed the bio-
distribution of ['*C]-DNA in mice tissues. The maximal
content of ['*C]-DNA for both types of lipoplexes was
observed in intestine (50% dose equiv./g) and the spleen
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Fig. 3. Tissue distribution of PC/Chol liposomes containing glycyrrhizin
(PC/GA) (solid column) or a-tocopherol ester of succinic acid (PC/TS)
(open column) in ICR mice after (24 h) single intraperitoneal injection of 20
pg ["*C]-DNA in 200 pl of saline. The ordinate shows the percentage of
total label detected in the organs observed. 1—spleen; 2—kidneys; 3—
liver; 4—lungs; 5—heart; 6—intestine [40].

(30% dose equiv./g) (Fig. 3). The content of ['*C]-DNA in
liver and kidneys was equal to 4% and 10% in the case of
PC/GA-lipoplexes, and 15% and 6%, for PC/TS ones,
respectively [40]. These data show the good possibility for
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application of such gene delivery systems; nevertheless, the
efficiency of transfection using these systems is to be
enhanced even more.

5. Cationic lipids and liposomes

Synthetic cationic lipids and liposomes are especially
obtained on the basis of their perspective among the non-
viral transfection systems (Fig. 4). The positive charge on
the particle surface ensures their binding to the negatively
charged cellular membranes. Cationic liposomes react spon-
taneously with the negatively charged DNA molecules (self-
assembling system), forming complexes with 100% DNA
molecules participating in the reaction [23]. It is shown that
two processes are involved in the complex formation. A fast
exothermic process is attributed to the electrostatic binding
of DNA to the liposome surface [41]. A subsequent slower
endothermic reaction is likely to be caused by the fusion of
the two components and their rearrangement into a new
structure. During this process, the homogenous and physi-
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Fig. 4. Structure of cationic lipids designed for gene transfer and therapy.
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cally stable suspensions are often formed [42]. Incorpora-
tion of only small amounts of anionic lipid into liposomes
leads to DNA association with the inner surface of the
liposomal membrane, which protects DNA against enzy-
matic degradation. To facilitate endocytosis, the incorpora-
tion of proteins such as anti-MNS-antibodies [43],
transferrin [44] and Senday virus [45] into liposomes may
be accomplished, which will allow for plasmid DNA
penetration from the endosome into the cytoplasma, thereby
avoiding degradation.

5.1. Synthetic cationic lipids and helper lipids

An example of such used mostly for transfection cationic
lipids are dioctadecylamidoglicylspermin (DOGS or “trans-
fectam™) [11] or “lipofectin” [5,6] (Fig. 4). One of the first
cationic lipids is dioleoxypropyl trimethylammonium chlor-
ide (DOTMA) [6] whose polar head group has the quater-
nary amine moiety. Thus, vesicles formed by DOTMA carry
a positive charge on their surface. Cationic lipids may have
monocationic head groups, such as DOTMA, dimyristo-
oxypropyl dimethyl hydroxyethyl ammonium bromide
(DMRI) [7], dioleoyloxy-3-(trimethylammonio)propane
(DOTAP) [2], DC-Chol or polycationic head groups
(DOSPA and DOGS) [2]. Dioleyl phosphatidylethanol-
amine (DOPE) is mostly used as a helper lipid for formation
of liposomes from cationic lipids (excluding DOGS-based
liposomes which cannot be used this way). In many cases,
the equimolar mixture of a cationic lipid and DOPE ensures
the optimally efficient transfection [7]. However, according
to other sets of data, inclusion of DOPE into the genosome
essentially lowers the transfection efficiency [42,46]. Liquid
nature of a DOPE/lipid bilayer combined with the instability
of such liposomes, promotes efficient binding and penetra-
tion of plasma proteins into the liposomal structure of
plasma proteins [47]. For gene transfer in vivo, apart from
DOTMA-based liposomes, other complexes (in equimolar
ratios) are also used—such as dioctadecylamidoglicylsper-
midin (DLS)/DOPE [48], DOPE/DOTMA (1:1), DOPE/
DOTAP (1:1) [46,49] and dimethyloctadecylammonium
bromide (DDAB) and DOTAP with cholesterol (1:1) (mol/
mol) [46,49]. Usage of neutral lipids such as cholesterol and
its derivatives allows one to attain higher transfection levels
in vivo [2,42,50]. Reliably higher expression in many
organs was revealed upon application of cholesterol-con-
taining liposomes [46,50] as compared to other liposomes.
DOPE-containing liposomes, as well as various galactosy-
lated cholesterol derivatives, exhibit low toxicity and high
transfection efficiency with regard to human hepatoma cells,
Hep G2. The efficiency enhancement is caused apparently
by affinity to the asyaloglycoprotein receptor, specific for
parenchymal liver cells [51].

Permanent search for new cationic lipids is conducted for
creation of efficient gene delivery systems. Thus, liposomes,
formed by O,O-ditetradecanoyl-N-(a-trimethylammonioa-
cetyl)diethanolamine chloride (DC-6-14) and DOPE or

cholesterol as helper lipid, exhibit high transfection effi-
ciency with regard to disseminated peritoneal tumour cells.
They are more efficient than commercial cationic liposomes
such as “lipofectin”, “lipofectACE” and “lipofectamine”
[52]. New cationic lipids—rac-[(2,3-dioctadecyloxy-
propyl)(2-hydroxyethyl)]-dimethylammonium chloride (I)
(CLIP-1) and rac-[2(2,3-dihexadecyloxypropyl-oxymethy-
loxy)ethyl]trimethylammonium bromide (II) (CLIP-6)—
were used for transfection in vitro along with cationic lipid
III (Fig. 5). These cationic lipids represent a set of cationic
“rulers” with different linkers between hydrophobic and
polar part: one chemical bond (I), six bonds (II) and nine
bonds (IIT) [8]. Usually, it appears that the longer the linker
part is, the higher is transfection activity for some cell lines
used. Glycyrrhizin or the a-tocopherol ester of succinic acid
[38] was included as pH-sensitive agents and fusogenes in
the liposome composition. Cationic liposomes are the most
probable alternative to viral delivery systems; the possibility
of their application for gene delivery, both in vivo and
in vitro, was verified in a series of experiments [5—
8,21,49,50,53]. By using cationic liposomes, a relatively
stable expression of transfected genes in various tissues was
achieved [48,49,54]. The major disadvantage of cationic
liposomes as a gene delivery system is their much lower
transfection efficiency compared to viral vector systems.
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Fig. 5. Structure of new cationic lipid rulers [8]: rac-[(2,3-dioctadecylox-
ypropyl)(2-hydroxyethyl)]-dimethylammonium chloride, (I) (one chemical
bond between hydrophobic and polar parts of the molecule); rac-[2(2,3-
dihexadecyloxypropyl-oxymethyloxy)ethyl]trimethylammonium, (II) (six
chemical bonds); rac-[2(2,3-dihexadecyloxypropyl-oxysuccinyloxy)ethyl]-
trimethylammonium (III) (nine chemical bonds).
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The limitations of cationic liposome usage for transfection
purposes (as a gene therapy tool) are closely connected to a
short lifetime of the complexes, as well as to their inactiva-
tion by serum proteins and toxicity of cationic lipids in high
concentrations. Taking into account an important role of
cholesterol in efficient gene transfer, a series of oligoca-
tions—oligo(ethylen)propylenimines—containing one, two
or three cholesteryl moieties (Fig. 6) [13], provide a possi-
bility to vary hydrophobicity/hydrophilicity ratio inside the
same group of transfection agents, which could be important
to provide targeted delivery of therapeutic genes. They
represent a new group of transfection mediators with high
transfection efficiency [3,55,71,78].

CH2CH2NHCH2CH2CH2NH,
/
N--CH2CH2NHCH2CH2CH2NH,
\
CH2CH2NHCH2CH2CH2NH-C(0)O-Chol

I, CHOLENIM
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\
CH2CH2NHCH2CH2CH2NH -C(0)0O-Chol

I1, DICHOLENIM

CH2CH2NHCH2CH2CH2NH-C(0)0O-Chol
/
N--CH2CH2NHCH2CH2CH2NH-C(0)0O-Chol
\
CH2CH2NHCH2CH2CH2NH-C(0)O-Chol

III, TRICHOLENIM

Chol = cholesteryl-3

Fig. 6. Structure of hydrophobic oligocations-3-cholesteryl derivatives of
co-oligomer hexaethylen/propylen/imine: I—(tris-[2-N-(3-aminopropyl)a-
minoethyl]amine monocholesteryl acylformiate, CHOLENIM; II—(tris-[2-
N-(3-aminopropyl) aminoethyl]amine dicholesteryl acylformiate, DICHO-
LENIM; III—tris-[2-N-(3-aminopropyl)aminoethyl]amine tricholesteryl
acylformiate, TRICHOLENIM (Vlassov et al., 1997) [13].

5.2. Possibilities for increasing gene transfer efficacy

At present, the role of various factors affecting trans-
fection efficiency remains virtually unclear. However, mod-
ification of methods for cationic liposome presentation and
for incorporation of various proteins, peptides and other
compounds into their structure allows us to overcome some
difficulties connected to liposomal systems’ disadvantages
in gene transfer. Thus, the toxicity of DNA/liposome com-
plexes (in the case of DOSMA/DOPE) was essentially
lowered while their stability was enhanced by the use of
1% octylglucoside for complex preparation [56]. Cationic
liposomes containing the cholesterol derivative choles-
teroyl-3 B-carboxyamidoethylen-N-hydroxyethylamine [57]
are characterized by rather high transfection efficiency even
in the presence of serum proteins. This property makes
possible the application of such systems for gene delivery in
vivo. Reliably higher transgene expression was registered in
many organs upon usage of liposomes containing DODAB/
Chol, DOIC/Chol and DOTAP/Chol—as compared to those
prepared on the basis of neutral lipids [46,50]. According to
Song and Liu [58], the increase in the lipid/DNA ratio has a
positive effect on the transfection efficiency in vivo. The
authors believe that free liposomes, mixed with the DNA—
lipid complex, protect DNA from degradation and thus
increase the duration of transgene expression. Suppression
of genosomes’ binding by plasma proteins may be attained
by increasing the positive charge of the complex.

Polylysine (as polycation) is able to condense DNA
efficiently—which may probably be explained by high
density of its molecule’s charge [59]. A vector system
containing poly-L-lysine and DC-Chol/DOPE liposomes
was designated as lipoplex (LPDI) [60]. This gene transfer
system displayed a much higher transfection efficiency than
the same liposomes without polylysine did. Electron micro-
scopic studies have shown that LPDI are spherical particles
of 50—-75 nm, coated with a dense layer of a cortex-like
substance, which is most probably nothing else but the
polylysine-condensed DNA. High efficiency of transfection
seems to be connected with small complex size; however,
some authors think that transfection efficiency of cationic
liposomes is size independent [4].

5.3. Role of structural characteristics of lipoplexes

The correlation between such parameters as the geno-
somes’ form, structure and type of interaction with the cell,
efficiency of gene delivery and expression level have been
studied insufficiently. Using the electron cryomicroscopy
method of high resolution, several types of complexes
differing in their form were revealed. DOTAP- and
DOTMA/Chol-based lyposomes form spherical genosomes,
with DNA being condensed within them, whereas in the
case of DODAP/Chol, DODAB/DOPE, DOIC/Chol,
DMEPC/Chol, DMEPC/DOPE and DOTMA/DOPE geno-
somes have a somewhat different form [2]. In genosomes
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containing the liposomal form based on DOTAP and cho-
lesterol, DNA condenses on the inner side of a concave
liposome between the two lipid layers [46]. This DNA state
ensures its reliable protection against degradation and effi-
cient transgene expression as well.

Oberle et al. [61] studied the interaction between plasmid
DNA and cationic amphiphiles, using a monolayer techni-
que, and examined the complex assembly by atomic force
microscopy. The data reveal a three-step mechanism for
complex formation. In a first step, the plasmid, interacting
with the monolayer, displays a strong multilamellar fashion.
Subsequently, individual plasmids enwrap themselves with
amphiphile molecules in a multilamellar fashion. The size of
the complex formed is determined by the supercoiled size of
the plasmid, and calculations reveal that the plasmid can be
surrounded by three to five bilayers of the amphiphile.

Sternberg et al. [62] showed that the requirements for the
complex structure are different for in vitro as opposed to in
vivo transfection. In the former case, high transfection
efficiency is characteristic of genosomes with hexagonal
packing of lipids, while in the latter case, most of the
transfection efficiency is shown by highly stabilized com-
plexes, in particular, those that have some projections (map-
pin structure). The essential requirement for efficient in vivo
transfection is the small liposomal size (40—80 nm), while
for in vitro transfected complexes, 200—400 nm is the
optimal size.

5.4. Role of different stages of lipoplexes’ internalization

Inhibition of endocytosis by citocholasine B suppresses
transfection [20]. Chloroquine is a substance capable of
enhancing lysosomal and endosomal pH and of inhibiting
endosomes’ ripening. The character of its influence on
transfection efficiency allows one to elucidate, in some
cases, the transfection mechanism for complex delivery,
although the results obtained by different research groups
are often interpreted differently. The study [7] explains the
decreasing transfection efficiency of cationic liposomes
containing DOPE and the cationic lipid (DMRI) after
chloroquine addition by its toxicity. However, chloroquine
was reported to enhance the efficiency of transfection after
the substitution of DORI for DMRI in liposomal composi-
tion. Legendre and Szoka [63] also described the increase in
transfection efficiency after chloroquine addition in the case
of DOTMA/DOPE liposomes. Chloroquine has a negative
influence on carcinoma cell transfection by liposomes,
consisting of DC-Chol/DOPE. It is believed that some
liposomes are released into the cytoplasm from the early
endosomes while other liposomes are able to do so at the
stage of late endosomes. Chloroquine, by inhibiting the
endosomes’ ripening, exerts a negative influence on trans-
fection effected by those liposomes interacting with late
endosomes [7,63,64]. It is worthy to note that the influence
of chloroquine on transfection is different for various cell

types [65].

Transfection by cationic liposomes is strongly dependent
not only on their absorption by the cells, but also on the
ability of lipids to be the part of a liposomal composition to
destabilize endosomal membranes [66]. The efficiency of
transfection by use of cationic liposomes is also increased
after the incorporation of helper lipids such as DOPE into
the liposome [7,67]. It is likely that the role of helper lipids
is in triggering the mechanism of liposomal membrane/
cellular membrane coupling—being a fusogen, the helper
is able to do so. Then, after penetration of the transfection
complex into the cytoplasm, the helper lipid destabilizes the
endosomal membrane and allows the DNA to escape much
earlier than it could be subjected to degradation. Fusogenic
peptides are peptides such as the N-terminal peptide of the
HA2 hemagglutinin of a flu virus or the pH-sensitive
synthetic GALA peptide [68]. Experiments on transfection
of NIH3T3, COS-7 and HeLa cells, by the use of cationic
liposomes containing DOPE or cholesterol derivative, have
demonstrated that DNA release from the endosome occurs
following the fusion of liposomal/endosomal membranes at
pH 5.0 [69]. Cholesterol is able not only to enhance the
liposomes’ stability in the blood flow upon transfection in
vivo, but also to increase their biodegradation and subse-
quent DNA release [22].

The +/— charge ratio and the zeta potential is of great
importance for the interaction of the cationic lipid—DNA
complex with the cell. With the +/— ratio approaching 1, the
zeta potential decreases and the aggregation of the com-
plexes takes place, indicating that the binding of liposomes
and lipoplexes to the cellular membrane occurs through
electrostatic interactions [70]. Fusion process depends, to a
great extent, on the complex’s lipid composition, which
seems to determine the sterically preferable lipid—molecule
interactions on the cellular surface [70]. A complex con-
sisting of DNA, cationic liposomes (DOTAP-DOPE) and
transferrin with the total negative charge proved to be more
efficient for gene transfer than the analogous positively
charged complexes. For destabilization of endosomal mem-
branes, a pH-sensitive peptide (GALA) was incorporated
into the complex composition [68]. Such a quaternary
complex is characterized by a high degree of transfection
and by low toxicity. Possessing the total negative charge, it
does not interact with serum proteins and therefore may be
successfully used for in vivo transfection.

6. Macromolecular systems for targeted gene transfer

Since cationic liposomes are unable to exhibit specificity
to certain cell types while interacting (mostly electrostati-
cally) with the cellular membrane by themselves, a series of
ligands able to target the gene transfer were employed. The
incorporation of a glycolipid into the liposomal composition
determines its tropicity to hepatocytes and to endothelial
liver cells [14]. Transformed cells express much greater
amounts of lectins (cellular membrane proteins) which are





60 R.I Zhdanov et al. / Bioelectrochemistry 58 (2002) 53—64

involved in the endocytosis and intercellular interaction and
bind specific glyco-conjugates. That is why using liposomes
carrying carbohydrate ligands one can effect direct gene
transfer into tumor cells [2].

Carbohydrate-conjugated polycations or lipids are prob-
ably the most effective transfection system for receptor-
mediated transfer. We have used a cationic glycolipid con-
taining a glucose residue between cationic and hydrophobic
parts of lipid molecule (GLYCOCLIP, Fig. 7) for transfection
as well as the liposomes prepared on its basis [71]. The
results show that incorporation of a glucose residue into the
cationic lipid enhances the transfection of CHO cells by the
pLuc gene. Mixed liposomes (GLYCOCLIP/CHOLENIM/
DOPE) containing a monocholesterol derivative of hexae-
thyleneimine display a transfection level 10-folds higher
than GLYCOCLIP/DOPE does. It appears that cationic
glycolipids represent a new class of compounds comparable
in efficiency to commercial preparations of “DOSPER” type
and may be used for gene transfer in vivo [71]. Liposome-
bound antibodies may interact specifically with superficial
antigen, thereby effecting the absorption (through endocy-
tosis) of liposomes by the cells expressing these antigens.
Usage of monoclonal antibodies to cellular surface antigens
increases substantially the efficiency of targeted delivery of
various pharmaceutical drugs and liposomal gene medicines
into the cells of various tumors [72—75].

Because all vector systems discussed in this article
represent artificial macromolecular complexes, it is impor-
tant to know their immunogenic properties. It was shown
that a number of synthetic cationic lipids, polyethylenei-
mine, polylysine and transferrin—polylysine activate the
complement system to varying extents [76]. Strong comple-
ment activation is seen with long-chain polylysines, the
dendrimer (of the fifth generation, PAMAM), polyethyleni-
mine and DOGS. The other cationic lipids appeared to be
weak activators of the complement system. The degree of
complement activation by DNA complexes is strongly
dependent on the ratio of polycation and DNA (charge
ratio). To a lesser degree, charge ratio also influences
complement activation by monovalent cationic lipid—DNA
complexes [76]. The authors of Ref. [77] showed that
repeated injections of plasmid complex with the anti-secre-
tory component of Fab antibody evoked a humoral immune
response against the heterogous Fab portion of the complex
which is associated with reducing gene transfer efficacy.
The effect of pCMV-SPORT-LacZ plasmid, negatively
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Fig. 7. Structure of cationic lipid and cationic glycolipid, containing
glucose moiety as a linker [71].

charged cardiolipin (CL), neutral phosphatidylcholine (PC)
and their lipoplexes on the complement system was studied
using a simple method developed to detect the ability of
effectors (lipoplexes) to activate the complement system in
an antibody-independent manner to serve as acceptors of
nascent C4b and to inhibit formation of the key enzyme of
the complement, C3-convertase [78]. It was revealed that
PC vesicles did not affect the complement system, while CL
vesicles manifested low activation. The influence of plasmid
DNA and PC lipoplex on the complement system was very
low. Weak activation of the complement system with CL
lipoplex, and even weaker for the PC lipoplex, testifies to
the use of neutral and positively charged lipoplexes pref-
erably in gene therapy protocols [78].

A number of high-quality articles, reviews and comments
devoted to a variety of aspects of gene transfer and therapy
were published in the period of processing this paper [79—
113], including two special issues of Russian biomedical
journals [112,113].

7. Conclusions

Despite many advantages of non-viral gene transfer
systems, particularly of cationic lipids and liposomes cre-
ated on their basis, these systems cannot replace completely
viral vectors in gene therapy protocols. First, their transgene
expression level is not so high as that of non-viral gene
transfer systems, both in vitro and in vivo; this is mostly
connected to complexity of the mechanism for penetration
of genosome-integrated exogenous DNA into the cell
nucleus. In cases where the liposomes are used for gene
transfer, the problem of structural polymorphism of lipid—
DNA complexes inevitably emerges; the differences in
transfection efficiency of various liposome preparations
are probably conditioned by heterogenity of these com-
plexes. This warrants further studies of DNA condensation
and the physico-chemical properties of the complexes
formed with the view of obtaining the most efficient and
quite stable gene transfer systems giving reproducible trans-
fection results. From this viewpoint, the most promising is
the elaboration of such non-viral gene transfer systems that
enable to control DNA state in genosomes. Substantial
enhancement of transfection efficiency by using combined
systems of viral elements plus polycations [114,115], as
well as mixed macromolecular systems involving polyca-
tions and glycolipids, explains the keen interest in such
multicomponent gene transfer systems. The efficiency of
directed gene transfer into certain tissues and organs in vivo
may be enhanced by the use of immunoliposomes and
ligands specific to certain proteins of cellular membrane.

The following features which are considered in articles
reviewed can be decisive for transfection and targeting
efficacy.

(a) Cationic lipid—DNA complexes represent self-assem-
bling systems, supercoiled DNA being condensed inside
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spherical particles (50—200 nm) sandwiched between lipid
bilayers and being a promoter of supramolecular organiza-
tion characterized by ordered multilamellar domains (with
regular spacing 70—80 A) to result in successful gene
transfer [35,36,62,116].

(b) The bigger the size of lipoplex/genosome particles,
the more the transfection level in vitro, and the less in vivo,
and vice versa, with optimal size of these lipoplex particles
being 70—200 nm.

(c) High transfection efficiency in vitro is characteristic
of genosomes with hexagonal packing of lipids (200—400
A), while in vivo, most of the transfection efficiency is
shown by highly stabilized complexes (40—80 A), in
particular, those that have some projections (map-pin struc-
ture) [62].

(d) Lipoplexes usually have a high positive surface
potential (180—240 mV) and pH value (10-11.5) [117];
the charge of lipoplex particles should not be too positive
(and stable), otherwise, lipoplex will not dissociate and will
not reach the nucleus; the +/— charge ratio and the zeta
potential are of great importance for the interaction of the
cationic lipid—DNA complex with the cell and should be
above 1.

(e) In many cases, the equimolar mixture of a cationic
lipid and DOPE ensures the optimally efficient transfection
[7].

(f) Usage of neutral lipids such as cholesterol and its
derivatives allows one to attain higher transfection levels in
vivo [2,42,50]; cholesterol is able not only to enhance the
liposomes’ stability in the blood flow upon transfection in
vivo, but also to increase their biodegradation and subse-
quent DNA release [22].

(g) The highest lipofection levels are obtained under
conditions of lipoplex instability, when DNA is partially
dehydrated and has C- or partial Psi-structure [117].

(h) For systemic gene delivery and expression in tumor,
it is important to optimize both parameters: cationic lipid-to-
colipid (DOPE or cholesterol) molar ratio and lipid-to-
plasmid charge ratio, the values being, correspondingly,
4:1 and 3:1 [118].

(1) There is an effect of passive targeting of particles of
certain size (~80+20 nm), which permit them to be
accumulated in malignant tissues; this effect is due to inner
diameter of tumor vessels.
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Abstract

A new approach for direct optical microscopy observation of polyanion interactions with bilayers of giant cationic liposomes (GUVs) was
suggested. Polyanions as DNA, dextran sulfate (DS), heparin (H) and polyacrylic acids (PA) were locally delivered by a micropipette to a part
of a giant unilamellar vesicle membrane. The phenomena were directly observed under optical microscope. GUVs, about 100 pm in diameter,
formed of phosphatidylcholines and up to 33 mol% of the natural bioactive cationic amphiphile sphingosine (Sph), were prepared by
electroformation. The effects of water-soluble molecules with high negative linear charge density as dextran sulfate (DS), heparin (H)
polyacrylic acids (PA) and adenosine-5-triphosphoric acid (ATP) were compared with those of DNAs. The resulting membrane topology
transformations were monitored in phase contrast, while the DNA distribution was followed in fluorescence. DNA-induced endocytosis-like
membrane morphology transformation due to the DNA/lipid membrane local interactions was observed. The DS, H and PA induced
membrane topology transformations similar to those of the DNAs, while ATP did not cause any detectable ones. The endocytosis mechanism
involves the formation of ordered domains in the GUV membrane where some surface and charge asymmetries between the two membrane
monolayers were created. The sizes of created polyanionic/cationic membrane domains depend on the form, length and elasticity of the
adsorbed highly charged molecules. Endosome-including capacities of polyanionic molecules depend heavily on the high linear negative
charge at a certain length.

An original method for direct studying of the DNA/membrane interactions in autoadaptable giant liposome system imitating biological
membrane interactions was forwarded. The model observations could also help for understanding events associated with cationic liposome/
DNA complex formation in gene transfer processes.
© 2002 Published by Elsevier Science B.V.

Keywords: DNA and polyanion interactions; Cationic GUV; Microinjection; Sphingosine; Endocytosis

1. Introduction

Experiments based on appropriate model systems can be
very important for understanding the biophysical and bio-
chemical nature of phenomena occurring when macromole-
cules (such as DNA of different sizes or other polyanion
molecules) are brought into contact with model cationic
lipid membranes. The DNA transport into cells has recently
been thoroughly investigated.

Association of DNA with membranes and membrane/
DNA complex formation plays a substantial role in bio-
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logical processes as DNA replication and segregation [1—3].
Sphingosine (Sph), a breakdown product of cellular sphin-
gomyelin, is a bioactive molecule, which regulates the
transcription and replication processes, cell growth, differ-
entiation and apoptosis by protein kinase C (PKC)-inde-
pendent pathways [4—6].

Liposomes containing sphingosine have been systemati-
cally investigated [7—10] and have been used for DNA
transfection with high efficiency and low toxicity [11].
When sphingosine is present in planar lipid bilayers, the
adsorption of pDNA is enhanced and the electroporability of
the bilayers is facilitated [12].

Liposomes containing synthetic cationic lipids are cur-
rently used as carriers of antisense oligonucleotides and
plasmid DNA that regulate specific gene transfer [13—15].
On the other hand, the alteration in membrane morphology
is frequently connected with changes in the cell functions,
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e.g. apoptosis. Lately, the relationship between charges in
lipid composition and membrane morphology has received a
significant attention [16,17].

Considerable experimental and theoretical efforts have
been focused on characterizing the structure of DNA/cati-
onic liposome complexes [18—-26] and on the transfection
efficiencies [22]. Koltover et al. [22] have shown that the
lipids, which are favorable for the formation of two-dimen-
sional hexagonal H complexes, are more suitable in con-
trast to the lamellar LS structures for the DNA release into
the cells.

The question is posed about the specificity of DNA/
cationic GUVs interaction. Gruzdev et al. [27], using
steady-state fluorescence anisotropy method, have observed
that polyacrylic acid (PA) (which has no side-chain resi-
dues) forms the complex with lipid molecules in liposome
suspension without shifting the phase transition temper-
ature, as DNA and heparin (H) did. A mechanism of
DNA release from cationic liposome/DNA complexes after
their delivery into the cell has been suggested by Xu and
Szoka [28]. Water-soluble polyanions with high linear
charge density as dextran sulfate (DS) and H,pgg9 have
been successfully used to support this suggestion.

Despite the extensive investigations, the mechanism of
DNA interaction with positively charged liposomes and the
structure of the resulting complexes are still poorly under-
stood. Surprisingly, all studies on DNA/liposome interac-
tions have been performed so far “in bulk™, using liposome
suspension. The addition of DNA to such suspensions leads
to liposome aggregate formation [7,18,19,29—31]. No infor-
mation about the effects of DNA interacting locally with a
membrane, as a result of local and temporal delivery of
DNA to a part of the membrane of an individual vesicle,
was available before on the matter [26].

A new approach for direct optical microscopy visual-
isation has been developed and the interactions of individual
vesicles with colloidal particles have been studied [32,33].
The effects of active substances microinjected locally to a
part of the large unilamellar vesicle, prepared by electro-
formation method, have been evaluated [34—39].

In present work, the effects of DNA and charged anionic
polymers as dextran sulfate, heparin and polyacrylic acids
microinjected locally to GUVs containing sphingosine were
visualised by an optical microscope. Adenosine-5-triphos-
phoric acid (ATP) as a high charged molecule was also used.

2. Materials and methods
2.1. Chemicals

GUVs were prepared from 1,2-diphytanoyl-sn-glycero-3-
phosphatidylcholine (DPhPC), 1-stearoyl-2-oleoyl-sn-glyc-
ero-3-phosphatidylcholine (SOPC), egg phosphatidylcho-
line (egg PC) and their mixtures with D-erythro
sphingosine (Sph ") at phosphatidylcholine (PC) PC/Sph *

97:3, 93:7, 85:15, 75:25 and 67:33 mol%. (DPhPC, syn-
thetic, Avanti Polar Lipids #850356; SOPC, synthetic,
Sigma #P-9774; Sph ™, from bovine brain sphingomyelin,
Sigma #S-6879.

The particular interactions of “short” [40] and “long”
(26) DNAs with GUVs were studied. The “short” DNAs
used were: (i) oligonucleotide, ss, DNA, 21b: 5~-CAACCA-
TATCTACACAGGGTC-3, molecular weight (MW)=
6.23 x 10° (kindly supplied by the Institute of Molecular
Biology, BAS, Sofia). The “long” DNA used were: (i)
super coil plasmid, pYep351, 5.6 kbp, MW=3.69 x 10°,
contour length (Lpna)=1.90 pm, effective length (/pna)
~ 0.61 pm (Lpna=Ngp % 0.34 nm/bp, and /pya is calcu-
lated according to Ref. [41]); (ii) three kinds of linear
plasmid DNAs of different lengths: pUCI19(EcoR), 2.7
kbp, MW =1.78 x 106, Lpna=0.92 um; pBR322, 4.3 kbp,
MW =2.84 x 10%, Lpna=1.46 pm; psV3neo, 8 kbp,
MW =5.28 x 10°, Lpnya=2.72 pm. The polyanionic species
tested in order to elucidate the DNA specificity were:
dextran sulfate, Na-salt, MW =35 x 10°, Serva; heparin
MW =2 x 10*, Serva; polyacrylic acid of average MW =
2x10° (PA(0) Aldrich, called “short PA”, and polyacrylic
acid of average MW =2.5 X 10° (PAsoooo), Aldrich — 35
wt.% solution in water, called “long PA”; adenosine-5-
triphosphoric acid (ATP), disodium salt, MW =5.51 x 10%,
Budapest, Hungary; Hoechst 33258 (Molecular Probes
#H-1398, Ex/Em=352/461).

Chemical structures of ATP, dextran sulfate, heparin and
polyacrylic acid are shown in Fig. 1.

2.2. Preparation of liposomes and visualisation of mem-
brane transformations

GUVs were formed by the liposome electroformation
method following the experimental protocol described in
Ref. [40]. The initial lipid deposit and the resulting GUVs
become unstable for Sph™ concentrations higher than 33
mol%. The reason for the above effect could be the
formation of charged clusters from sphingosine and their
electrophoretic interaction with sinusoidal electric field at
low frequency during the electroformation.

The DNA, DS, H, PA and ATP for local GUV micro-
injection were administered at a concentration of 0.01 mg/ml.
DNA/GUV membrane interaction upon a single microinjec-
tion occurred under conditions of large excess of the lipid
with respect to the DNA (about 10® lipid molecules/nucleo-
tide for the targeted vesicle). DNAs were marked and
visualised at Hoechst/nucleotide ratio 1:10. The Hoechst
molecules in a water solution have three positive charges,
tightly bound to the DNA helix, becoming fluorescent only
after binding to DNA [42].

Microinjection was carried out by Eppendorf Transjector
5246. The microcapillary inner diameter for performing local
microinjection to a GUV was 0.5—1 um in diameter. The
injected volumes were of the order of a few picoliters (1—
10 x 10 ~ '?1). The injection was performed from a distance
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Fig. 1. Chemical structures of the polyanions used. (a) ATP: adenosine-5-triphosphoric acid and segments of (b) DS: dextran sulfate, (c) PA: polyacrylic acids

and (d) H: heparin.

of about 5 um from the GUV surface. The injected solution
covers (visually and qualitatively determined) about 10% of
the target GUV surface (for a GUV of about 100 pm
diameter). The present results are representative for at least
five experiments of the same kind.

The kinetics of membrane morphology transformations
after local microinjection of DNA, DS, H, PA and ATP to the
GUV was followed in phase contrast. DNA (marked with
Hoechst) fluorescence distribution was monitored by the
Zeiss filter set 02 (Ex/Em=365/>420 nm). The Zeiss Axio-
vert 135 microscope, equipped with Narishige MMN-1 plus
MMO-22 micromanipulator, and Hamamatsu B/W Peltier
chilled CCD camera (C5985-10) connected to an image
recording and processing system were used.

3. Results
3.1. “Short” DNA effects

DNA-induced endocytosis-like uptake due to “short”
DNA/lipid membrane local interactions and complex forma-
tion was observed. The kinetics of the GUV morphology
transformation was “explosive”, i.e. endosome formation
happened within 1-2 s after the “short” DNA delivery to the
GUV membrane.

The image sequence shown in Fig. 2A presents the
kinetics of membrane topology transformations of an initially
quasi-spherical GUV (Fig. 2A-a), formed of DPhPC/Sph *

67:33 mol% as aresult of the DNA 21b (marked with Hoechst
dye) microinjection. The contact of the DNA molecules with
the membrane upon the first injection destabilizes the latter,
making the affected membrane part highly fluctuating. Erup-
tion of vesicles towards the inner vesicle space (endosomes of
about 5—10 pm diameters) occurred for about 1 s (Fig. 2A-b).
Fig. 2A-c illustrates the distribution of DNA fluorescence
within the affected GUV. The DNA—Hoechst complex
throughout the experiment (about 30 min) was stable and
was visualised by a video camera.

A characteristic minimum concentration of Sph ™ (Cengo)
in the GUV membrane was necessary for the typical endo-
cytic phenomenon to occur. Cep,q, depended on the type of the
zwitterionic (PC) lipid used, being about 10 mol% for
DPhPC/Sph™ GUVs, and about 20 mol% for SOPC/Sph *
or egg PC/Sph™ GUVs. Below the Cengo, only lateral
adhesions between neighboring vesicles were observed after
DNA local microinjection.

The capacity of DNA to induce endocytosis was reduced
when it was fluorescently marked with Hoechst dye. Only
strong irreversible adhesions between neighboring vesicles
(but no endocytosis) were observed in the latter case (images
not shown), probably due to the decreased (by the bound
Hoechst species) charge density of the DNA.

3.2. “Long” DNA effects

All “long” DNAs studied in this work induced endo-
some formation when injected to GUVs containing Sph "
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above Cepqo (established for the “short” DNA). However, DNA-induced endosome formation took a few minutes after
the kinetics of the GUV morphology transformation was the injection. The characteristic endosome sizes were
much slower than that of the “short” DNAs. The “long” smaller; a particular population of dark, 1 -2 pm in diameter
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particles appeared. These endosomes performed Brownian
motion in the vicinity of the “mother GUV”” membrane. It is
difficult to say whether some connecting filaments exist.
The shapes and capacities of the resulting endosomes to
carry DNA were dependent on the particular “long” DNA
molecular weight (Fig. 2B-D).

Fig. 2B presents the effects of pUC19(EcoR) (linear
plasmid, 2.7 kbp—the “shortest” amongst the “long”
DNAs tested) locally injected to a DPhPC/Sph™ 67:33
mol% vesicle. Small, “dark” endosomes appeared in a
couple of minutes (Fig. 2B-b). The marked DNA fluores-
cence was associated with the endosomes as well as with the
“mother GUV” membrane (Fig. 2C-c).

When pYep351 (super coil plasmid 5.6 kbp) or pBR322
(linear plasmid, 4.3 kbp) was tested, only small, 1-2 um in
diameter, “dark” endosomes appeared within 1-10 min
(Fig. 2C-b). The marked DNA fluorescence was associated
with these highly Brownian particles and was less spread
over the “mother GUV” membrane (Fig. 2C-c). Typical
images are shown in Fig. 2C for the case of pYep351 locally
injected to a SOPC/Sph ™ 67:33 mol% vesicle.

Fig. 2D shows the effects of psV3neo (linear plasmid, 8
kbp—the “longest” DNA tested) locally injected to a
DPhPC/Sph ™ 67:33 mol% vesicle. A peculiar result was
obtained in this case: small, 1 -2 um in diameter, “dark”
endosomes appeared for about 10 min (Fig. 2 D-b).
However, the marked DNA fluorescence was associated
only with the “mother” GUV membrane (Fig. 2D-c), and
not with the endosomes. This suggests that the DNA in
this case remains at the “mother” GUV membrane and
was not transported with the induced endosomes in the
GUYV space.

3.3. Are these effects specific for DNA?

In order to clarify the specificity of DNA molecule for
the observed phenomena, similar microinjection experi-
ments with other polyanionic species were carried out.
ATP solution was microinjected at different pressures,
using a micropipette of inner diameter of 0.6 um (images
not shown). No membrane topology transformations
occurred after local microinjection of ATP at different
pressures for longer times (up to a few seconds). There
were some evidence for ATP becoming associated to the

GUV membrane (the membrane contour became darker).
No changes of the vesicle diameter were detected.

Fig.3A—D presents the membrane topology transforma-
tions after microinjection of dextran sulfate, heparin and
polyacrylic acids. In all cases, endosomes were induced by
the local microinjection of polyanion substances to the
GUVs containing Sph " above Cenq,. However, the partic-
ular kinetics, shapes and characteristic sizes of the induced
endosomes were different.

Typical images after treatment with dextran sulfate are
illustrated in Fig. 3A. Some black small spherical particles
on the membrane surface immediately (for a second) after
microinjection were observed (Fig. 3A-b). Formation of
small endosomal vesicles (about 5 pm in diameter) inside
the liposome was registered, too. No bigger endosomes
were observed. The black spherical particles are Brownian
at the membrane and are stable for more than 10 min (Fig.
3A-c).

Heparin microinjected on the giant liposome induced a
fast flow of membrane material into the giant vesicle interior
(a second after microinjection). This membrane flow was
not very well organized into the closed endosomes at the
beginning (Fig. 3B-b). The kinetics of reorganisation of this
membrane material was slow; some large closed endosomes
were formed within 2—3 min (Fig. 3B-c).

In Fig. 3C, the image sequence presents the kinetics of
membrane topology transformations as a result of the
PA0p microinjection. The initially quasi-spherical, about
130 pm in diameter GUV, made of DPhPC/Sph™ 67:33
mol% was highly destabilized (membrane fluctuations of a
few pm amplitude appeared) in the zone of the PAygo
molecules delivery. Then (in a couple of seconds), a
“sausage”-like membrane invagination started growing
into the internal GUV space. The vesicle diameter de-
creased. This long and thin “sausage” (approximately 70
um in length and 5 pm in diameter) was folded and
pinched forming a few smaller multilamellar endosomes
(Fig. 3C-b), which detached from the “mother” GUV
membrane after 5—10 min, performing Brownian motion
within the internal vesicle space (Fig. 3C-c).

Endosome (of 10-um sizes) formation occurred within
2-3 s after the PAysgooo local delivery to a GUV mem-
brane (Fig. 3D). The endosome number and characteristic
sizes were smaller compared to those of the PA,yoo (for

Fig. 2. (A) Kinetics of membrane topology transformations of a GUV, made of DPhPC/Sph * 67:33 mol%, as a result of DNA 21b (marked with Hoechst dye)
microinjection: (a) the initially quasi-spherical GUV; (b) eruptions of vesicles toward the inner vesicle space (endosomes about 5—10 pum in diameter) occurred
about 1 s after the DNA injection; (c) the distribution of marked DNA fluorescence within the affected. Bar=30 um. (Reproduced from Ref. [26] with
permission from Elsevier Science). (B) Effects of pUC19(EcoR) (linear plasmid, 2.7 kbp) locally injected to a DPhPC/Sph* 67:33 mol% vesicle: (a) the initial
GUYV; (b) endosomes, (5 um in diameter), appeared within a few seconds after DNA injection, and small (1-2 pm in diameter), “dark”, Brownian endosomes,
appeared in a couple of minutes; (c) marked DNA fluorescence was associated with the endosomes as well as with the “mother” GUV membrane. Bar=20
um. (Reproduced from Ref. [26] with permission from Elsevier Science). (C) Effects of pYep351 (super coil plasmid, 5.6 kbp) locally injected to a SOPC/Sph *
67:33 mol% vesicle: (a) the initial GUV; (b) only small, 1 -2 um in diameter, “dark”, Brownian endosomes appeared within 1—10 min; (c) marked DNA
fluorescence was associated with these endosomes and was less spread over the “mother” GUV membrane. Bar=20 pm. (Reproduced from Ref. [26] with
permission from Elsevier Science). (D) Effects of psV3neo (linear plasmid, 8 kbp) locally injected to a DPhPC/Sph ™ 67:33 mol% vesicle: (a) the initial GUV;
(b) small, 1-2 pum in diameter, “dark”, Brownian endosomes appeared for about 10 min; (c) the marked DNA fluorescence was associated only with the
“mother” GUV membrane and not with the endosomes. Bar=30 pm. (Reproduced from Ref. [26] with permission from Elsevier Science).
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Fig. 3. (A) Effects of dextran sulfate, locally injected to a DPhPC/Sph™ 67:33 mol% vesicle: (a) the initial GUV; (b) black, small vesicles on the membrane
surface, formed for a second. Endosomes were small with a size of 3—5 um and (c) the black balls and endosomes moving on the surface after 10 min. Bar=20
um. (B) Effects of heparin microinjected on the liposome from DPhPC/Sph* 67:33 mol%: (a) the initial GUV; (b) tunnel of membrane material into the
liposomes after 1 s; (c) large endosomes were formed after 2—3 min. Bar=20 pm. (C) Effects of PA,goo locally injected to a DPhPC/Sph " 67:33 mol% vesicle:
(a) the initial GUV; (b) eruptions of vesicles towards the inner vesicle space (endosomes about 10— 15 um in diameter) occurred about 1 s after the PA injection;
(c) the evaluation of the formed endosomes, induced by PAA,oq, 6 min after injection. Bar=20 um. (D) Effects of PA,sq oo locally injected to a DPhPC/Sph ™
67:33 mol% vesicle: (a) the initial quasi-spherical GUV; (b) less in number, and small in sizes endosomes were formed after 1 min; (c) endosome migration,
and “Brownian” endosomes appearing 6 min after injection. The diameter of the GUV was decreased almost twice. Bar=20 pm.

initial membrane tensions of the GUVs being similar).
Small (about 2—3 pm in diameter), “dark” endosomes
appeared spreading along the “mother” GUV membrane
5—10 min later. The membrane contour became darker.
The initial GUV diameter was decreased by 1/3 for 10 min
(Fig. 3B-c).

Similarly to the case of DNAs, the injected PAs did not
induce any membrane topology transformations when the
concentration of Sph™ in the GUVs was below Ceng, (€.
for DPhPC/Sph ™ 9:1 mol%). Unfortunately, we failed to

label fluorescently PA, H or D and to follow the distribu-
tion of polyanions in endosomes.

The experiments presented in this work were performed
in distilled water at pH 5.5—6.0. The addition of 0.1 pg of
DNA, DS, H or PA to 1.2-ml distilled water did not cause
significant changes in the pH. The presence of buffers or
salts suppressed the GUV formation. The resulting vesicles
were smaller in size, many of them being multilamellar and
therefore not suitable for this kind of experiments. In all
cases, the references mentioned in the introduction, as well
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as the present results, led us to believe that the triggering
interaction between the DNA and Sph*/PC GUV mem-
brane is of electrostatic origin.

4. Discussion
4.1. DNA lipid interaction

A comprehensive theoretical consideration of the molec-
ular structure of polyionic/cationic liposome complexes was
presented by May and Ben-Shaul [23] and Dan [20]. The
interaction between adsorbing polyanions as DNA and the
lipid heads changes the equilibrium lipid bilayer density, i.e.
area per molecule, in the affected region of the outer lipid
monolayer. The authors calculated a rise in the membrane-
induced, attractive interactions between the adsorbed DNA
molecules. This balanced the direct repulsive interactions
between DNA molecules. As a result, DNA molecules
adsorbed on membranes are predicted to form ordered
domains characterized by finite spacing, which varies with
the membrane characteristics and the solution Debye screen-
ing length.

Some possible mechanisms of the reorganisation of GUV
membrane upon local interaction with different DNAs have
been described in detail in earlier works [26,40].

Shortly, the possible mechanism of endosome formation
is based on the idea of oligonucleotides DNA molecule
encapsulation within an inverted micelle included in the
lipid membrane (Fig. 2A). The outer monolayer decouples
from the inner one and “rolls” up the DNA rod (DNA 21 bp
could be considered as a rigid rod [40]), forming cylindrical
defects resembling germs of inverted hexagonal structures.

According to Dan [20], the long DNA molecules
adsorbed on membranes are predicted to form “ordered-
DNAs super-domains” characterized by a finite regular
DNA spacing. (N.B. Make the difference between lipid
domains of different lipid composition, and “ordered-DNA
super-domains’’). Unfortunately, the author [20] does not
consider the existence of a preferred “super-domain” size.
Having this in mind and based on the present results, we
suggest the following kinetics for the observed phenomenon:
an important surface (Sey <Sin) and charge (6 " o <0 " in0)
asymmetries between the two membrane monolayers are
created upon the DNA/cationic membrane contact. These
asymmetries are on the scale of the entire part of the GUV
membrane, which contains “super-domains” and where
DNAs (linear or supercoil with sizes less then 8 kbp) are
adsorbed with some regular spacing between them. The
mechanical properties of the vesicle membrane should have
large lateral gradients due to the mosaic of super-domains.
The created mechanical stresses relax by the formation of
endosomes (with DNA), whose sizes are proportional to the
size of the “super-domains” (Fig. 2B and C). It seems that a
minimum ““ordered-DNAs super-domain” size exists, which
would bend to form a spherical endosome, corresponding to

a maximum DNA molecule length Lpna max (Supercoil or
linear).

The longest DNA tested (linear plasmid, 8 kbp) remains
at the “mother” GUV membrane and is not transported with
the induced endosomes (Fig. 2D). DNA molecules could
not be ordered in DNA super domains with some regular
distance between molecules if the adsorbed DNA molecules
are larger than Lpna max. The membrane morphology trans-
formations, in this case, could be explained by the so-called
“archipelago effect”’[43,44]. In brief, the effective lateral
diffusion coefficient of individual lipids will decrease for
longer DNA. The ‘“archipelago effect” could inhibit the
ability even of zwitterionic lipids trapped with the lipid/
DNA domain to exchange with, and average over the bulk
lipid population. In this case, the only-lipid domains will
bend and form spherical endosomes (Fig. 2D).

The DNA anionic polymer added to the cationic
amphiphile-containing lipid bilayer is able to laterally
segregate cationic amphiphiles. Three types of reorganisa-
tion of other monolayer of liposomes containing sphingo-
sine and the formation of endosome were suggested.
Nevertheless, there are some similarities in all DNA tested,
i.e. the creation of large membrane surface (Sex<Siy) and
charge (e <0y ) asymmetries, and thereby lateral
gradients of the mechanical and electrical properties of the
GUV membrane, resulting in membrane invaginations and
endosome formations. The essential role for the creation of
such asymmetries is the linear charge density of DNA.

4.2. Other polyanions effects

Dextran sulfate, heparin and polyacrylic acids induced
formation of endosomes, probably based on similar inter-
actions and mechanisms as the DNAs: important changes in
surface (Sex<Sin) and charge (0o <0in ) asymmetries
between the two membrane monolayers upon the polya-
nionic/cationic membrane contact (Fig. 3A—D). The kine-
tics of the changes in membrane topology in these cases is
faster compared to the “long” tested DNAs. It should be
pointed out that dextran sulfate exerted a somewhat partic-
ular effect compared to that of the other polyanions tested.
The induced endosomes, if any, were much smaller. It might
be correlated somehow with the “branched” structure of
dextran sulfate polymer. All our results suggest that the
linear charge density of polyelectrolytes is a critical factor
for the electrostatic attractions to the charged surface and
reorganisation of outer monolayer of giant liposomes. It
seems that the endosome-inducing capacities of the poly-
anionic molecules depend heavily on the presence of high
linear negative charge of a certain length. As already men-
tioned, the ATP molecule includes three phosphates and had
a high negative charge linear density but very short length.
The addition of ATP to the GUVs did not lead to any
membrane topology changes.

The kinetics of endosome formation for “long” DNA
was slower than that of other polyanions tested. This
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suggests that upon the DNA electrostatic binding to the
membrane surface, the adenosine bases could penetrate
into the hydrophobic part of the lipid bilayer and reduce
the endosome formation. Some evidence regarding the
deep penetration of nucleotide bases into membrane
interior has been presented in Refs. [27].

Cendo Was the same for DNAs and the other polyanions
tested. Cengo depended on the fluidities of the lipids: Cepgo
was 10 mol% for DPhPC/Sph* GUVs (DPhPC is highly
fluid at temperature 7> — 120 °C) and about 20 mol% for
SOPC/Sph ™" or egg PC/Sph "

5. Conclusion

The model observations could help in understanding
the events of the DNA association with biological mem-
branes as well as the cationic liposome/DNA complexes
formation in gene transfer processes.

A general approach (a method) for the direct study of the
DNA/membrane interactions in an autoadaptable system (a
system capable to change and adapt its local composition
upon the interaction with an exogenic agent in order that the
complex would be in equilibrium) is proposed. The method
could easily be applied for evaluating the effects of a
particular kind of DNA interacting locally with a (model
or biological) membrane.
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Abstract

Complex formation of native and denatured DNA, single-stranded polyribonucleotides poly(A) and poly(U), as well as double-stranded
poly(A)-poly(U) with dodecylamine (DDA) and dodecyltrimethylammonium bromide (DTAB) has been studied by UV-, CD-, IR-
spectroscopy and fluorescence analysis of hydrophobic probe pyrene. DDA and DTAB were shown to bind cooperatively with DNA and
polyribonucleotides, resulting in the formation of complexes containing hydrophobic micelle-like clusters. Critical aggregation concentration
(CAC) of DDA and DTAB shifts sharply to lower values (30—50 times) in the presence of DNA and polynucleotides as compared to critical
micelle concentration (CMC) of free DDA and DTAB in solution. The analysis of binding isotherms within the frame of the model of
cooperative binding of low-molecular ligands to linear polymers allowed us to determine the thermodynamic parameters of complex
formation and estimate the contribution of electrostatic interaction of positively charged heads of amphiphiles with negatively charged
phosphate groups of DNA and polyribonucleotides, and hydrophobic interaction of aliphatic chains to complex stability. Electrostatic
interaction was shown to make the main contribution to the stability of DNA complexes with DDA, while preferential contribution of
hydrophobic interactions is characteristic of DTAB complexes with DNA. The opposite effect of DDA and DTAB on the thermal stability of
DNA double helix was demonstrated from UV-melting of DNA—while DTAB stabilizes the DNA helix, DDA, to the contrary, destabilizes
it. The destabilizing effect of DDA seems to originate from the displacement of intramolecular hydrogen bonds in complementary Watson—
Crick AT and G-C base pairs with intermolecular H-bonds between unsubstituted DDA amino groups and proton-accepting sites of nucleic
bases.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction tion. Their studies allow one to get a deeper insight into the

molecular mechanisms of antiviral and antibacterial activity

Complexes of polyelectrolytes with oppositely charged
surface-active amphiphilic molecules have been considered
to be very intriguing colloidal systems ‘“where physics,
chemistry, biology and technology meet” [1]. It is not
surprising therefore that the elucidation of physicochemical
regularities of interactions in these systems, structural and
thermodynamic features of the complexes is of great impor-
tance both from fundamental and practical viewpoints [2—
12]. Complexes of natural polyanions—nucleic acids with
cationic amphiphiles attract nowadays an increased atten-

* Corresponding author. Tel: +7-967-790553; fax: +7-967-790553.
E-mail address: petrov@venus.iteb.serpukhov.su (A.lL. Petrov).

of cationic amphiphiles [13—15], physicochemical mecha-
nisms of DNA compactization [16,17], DNA—membrane
interactions [18—24], as well are important for working out
the nucleic acid-based biosensors [25,26].

Powerful impetus to the studying the complexes of
nucleic acids with cationic amphiphiles, or cationic lipids,
which is simply another term used by biologically oriented
researchers for cationic amphiphile, was given after reveal-
ing the ability of these complexes to facilitate the transfer of
nucleic acids through biological membranes [27—35]. Such
complexes are considered currently as very promising sys-
tems in gene therapy for functional gene delivery into
eukaryotic cells; however, their transfection efficiency
remains relatively low up to now in comparison with viral-

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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based vectors [31]. It seems evident that accumulation of
data on structure and physicochemical characteristics of
DNA complexes with cationic amphiphiles differing in
chemical structure of their hydrophobic tails and hydrophilic
heads, and correlation of these data with transfection efficacy
give us a way to reveal the algorithms for choosing among
the great variety of cationic lipids, those of them possessing
the highest DNA-delivering potential, and purposeful syn-
thesis of such cationic lipids. Unsubstituted long-chain
aliphatic amines and appropriate N-trialkylammonium salts
can be considered as the simplest cationic lipids in this row.

Complexes of N-trimethylsubstituted derivatives of long-
chain aliphatic amines (dodecyl-, tetradecyl-, and cetyltri-
methylammonium bromide) with DNA have attracted the
greatest attention of researchers [10,11,16,17,36—50], how-
ever, many questions of their physical chemistry remain to
be cleared up. In particular, little is known about the effect
of conformational state of DNA, rigidity of polynucleotide
chain and its length, chemical structure of polar head of
cationic amphiphile on the process of complex formation
and many others.

In the present study, we have examined in detail the
interaction of two cationic amphiphiles—dodecylamine
(DDA) and dodecyltrimethylammonium bromide (DTAB),
differing only in chemical structure of their hydrophobic
heads: —NH;® in DDA and —N(CH);® in DTAB, with DNA
and synthetic polyribonucleotides using UV-, CD-, IR-, and
fluorescence spectroscopy. Pyrene was chosen as hydro-
phobic fluorescent probe due to the high sensitivity of the
fine vibronic structure of its emission spectra to the hydro-
phobicity of local environment [51-53].

2. Materials and methods

High molecular weight DNA (1.7 x 107 Da) isolated from
sturgeon sperm by a standard procedure of phenol-chloro-
form extraction followed by ethanol precipitation was used
in this study. DNA solution with concentration of 1.5-2 mg/
ml was exhaustively dialyzed at 4 °C for 3 days against the
solution of 10 =2 M NaCl, 10 ~* Tris—HCI, pH 7.2, which
was taken as a standard buffer solution in all measurements.
The concentration of DNA solutions was determined from
UV absorption at 260 nm using the known molar extinction
coefficient, 6600 M ~ ' cm ~ ' [54]. UV-melting temperature
and hyperchromism of DNA were 69 °C and 40%, respec-
tively, indicating the absence of double helix damaging
during the process of DNA isolation. Denatured DNA
preparations were obtained by boiling the buffer solution
of DNA followed by rapid cooling with liquid nitrogen.

Polyuridylic and polyadenylic acids (poly(U) and
poly(A), respectively) of Reanal (Hungary) were dialyzed
for 3 days against twice distilled water and then liophilyzed.
The concentrations of polynucleotides were determined
from UV absorption using the following extinction coeffi-
cients —60=9.2x10> M~ ! cm ! for poly(U) and

£257=10.5x10> M~ " cm " for poly(A) [55]. Double-
helical poly(A)-poly(U) was prepared by mixing equal
volumes of equimolar solutions of poly(A) and poly(U)
followed by heating the mixture up to 70 °C and slow
annealing to room temperature.

DDA, DTAB and pyrene were purchased from Sigma-
Aldrich Chemical (USA) and were used as received. The
stock solution of pyrene was prepared in methanol of
spectral purity grade by weighting, and the aliquots of this
solution were added under thorough mixing to DNA sol-
utions so that the final concentration of pyrene was
3% 10~ ° M and methanol concentration did not exceed
0.5% (by volume).

Fluorescence spectra of pyrene solutions were measured
on a spectrofluorimeter Perkin-Elmer MPF-44B (USA) in
I-cm quartz cells at excitation wavelength 334 nm. All
device settings such as slits of input and output monochro-
mators, scanning rate, amplification and others were thor-
oughly controlled to exclude spectra distortions.

UV spectra were taken on UV—VIS spectrophotometer
Specord-M40 (Zeiss, Germany), UV-melting profiles of
DNA—on the spectrophotometer VSU-2P (Zeiss) supplied
with a thermostated cell holder allowing to maintain the
fixed temperature inside the cells with accuracy + 0.5 °C
within the range 13-97 °C.

IR-spectra (1800—950 cm ~ ') of DNA complexes with
DDA and DTAB, as well as the spectra of separate compo-
nents of these complexes were taken on an infrared spec-
trophotometer Specord-M80 (Zeiss) at room temperature
and relative humidity (r.h.) 93% when DNA exists in
double-helical B-conformation. The samples of DDA,
DTAB and DNA were prepared as thin films by evaporation
of appropriate concentrated solutions on transparent calcium
fluoride plates. Because of low solubility of complexes
DNA-DDA and DNA-DTAB in water solutions, their
samples for IR-measurements were prepared by consecu-
tive, layer-by-layer, deposition of DNA and cationic amphi-
phile from water—saline solution (10 mM NaCl, pH 7.4)
onto calcium fluoride plates. The procedure described by us
elsewhere [56] is an extension of the method proposed
earlier by Decher [57] for manufacturing organized inter-
polyelectrolyte films made of alternating layers of positively
and negatively charged polyelectrolytes.

CD spectra were measured on a spectropolarimeter
Jasco-J500 (Japan). All the measurements were made imme-
diately after sample preparation without incubation period.

3. Results and discussion

3.1. Fluorescent studies with pyrene as hydrophobic
fluorescent probe

Pyrene is a flat aromatic molecule made of four con-
densed benzene rings. High symmetry of its chemical
structure resulting in the absence of the net electric dipole
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Fig. 1. Fluorescence spectra of pyrene (concentration 3 X 10 ~® M) in 10 ~ 2
M NaCl, 10 ~> M Tris—HC], pH 7.2, in the absence of DDA and DTAB
(2); (1, 5) at DDA concentrations, respectively, 5x 10 ~*M and 2 x 10 3
M in absence of DNA, and (3, 4) at DDA concentrations 2 x 10 ~* M and
5% 10~ * M, respectively, and DNA concentration 4.85 x 10 ~> M (per
phosphate residue).

momentum both in ground and excited state does not allow
to wait for noticeable contribution of solvation effects into
emission spectra of pyrene. Extensive experimental studies
of pyrene fluorescence in a wide range of solvents (from
water to hydrocarbons) [51,58,59] did not show any spectral
shifts in solvents of different polarity. However, great
perturbation with solvent polarity is really observed in the
intensities of vibronic bands of fluorescence spectra of
pyrene, which made this molecule an attractive tool for
probing different hydrophobic systems.

Fig. 1 demonstrates fluorescence spectra of pyrene in
buffer solution (10 mM NaCl, 1 mM Tris—HCI, pH 7.2) in
the presence and absence of DDA and DNA. It is seen that
the spectral parameters depend essentially both on the
concentration of DDA, and on the presence and concen-
tration of DNA. Similar spectral changes in pyrene fluo-
rescence are also observed for DTAB. The most noticeable
changes are observed in total intensity of vibronic bands in
the range of wavelengths from 370 to 400 nm, in the ratio of
intensities of vibronic bands at 372 and 383 nm, as well as
in the presence or absence of the broad unstructured band
with maximum at 470 nm and its intensity. The emission at
370—400 nm arises from the monomeric pyrene, while the
band at 470 nm corresponds to the emission from pyrene
excimers [42,59]. In principle, all these parameters may be
used in analysis of hydrophobic systems (micelles, mem-
branes, hydrophobic clusters and so on), but the ratio /3/1;,
where I; and [ are the intensities of vibronic bands in
fluorescence spectrum of monomeric pyrene at 383 and 372
nm, respectively, is the most sensitive of them to the polarity
of local microenvironment and was used in this study to
follow the complex formation of DNA and synthetic poly-
ribonucleotides with DDA and DTAB.

The dependence of this parameter on DDA concentration
both in the absence and presence of DNA is shown in Fig. 2.
Practically the same course of /5/I; changes is observed on
DTAB concentration. For example, /3/; does not depend on
the concentration of cationic amphiphile in the absence of
DNA (Fig. 2A) until reaching a threshold concentration
above which sharp increase in /3/I; is observed passing
finally to a plateau. Such behavior of I3/I; on amphiphile
concentration indicates to the transfer of pyrene molecules
from hydrophilic aqueous surrounding into hydrophobic
phase arising as the result of micelle formation by DDA
and DTAB. This interpretation seems to be rather convinc-
ing because of very close coincidence of the threshold
concentrations of DDA (2.5 x 10 *M) and DTAB
(1.0 x 10 =2 M) obtained from the data in Fig. 2A with
values of critical micelle concentration (CMC) of these
amphiphiles measured by other techniques, for example,
by light scattering and conductometry [60]. Taken into
account the incommensurably higher solubility of pyrene
in hydrophobic solvents, it can be concluded that sharp
increase of Iz/I; with concentration of DDA and DTAB is
the result of redistribution of pyrene molecules between
water and hydrophobic phase of formed micelles. Reaching
by I5/I; of plateau values at high concentrations of DDA and
DTAB (Fig. 2A) corresponds to the transition of all pyrene
molecules from aqueous into hydrophobic intramicellar
phase.

Much more complicated is the dependence of I3/[; on
DDA and DTAB concentrations when DNA is present in
solution (Fig. 2B). In this case, two ranges of concentrations
of cationic lipid can be marked (I and III, Fig. 2B) where
sharp increase in /3/1; takes place, and these are separated by
an extended plateau (II), where the values /3//; remain
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Fig. 2. Dependence of the ratio of intensities of third and first vibronic
bands in fluorescence spectra of pyrene, I3//;, on logarithm of DDA
concentration: (A) in absence of DNA, (B) at DNA concentration equals to
4.85 x 10~ > M (per phosphate). For detailed discussion of concentrational
regions I, II, III, and IV, see text.
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practically unchanged. As it was pointed out above, the
sharp increase of I3/I; is the result of the formation in the
system of micelle-like structures which solubilize pyrene
molecules from aqueous surroundings. Therefore, it can be
concluded that the first jump in I3/I; observed, in the
presence of DNA (I, Fig. 2B), at DDA and DTAB concen-
trations much lower of their CMC evidences the direct
binding of DDA and DTAB to polynucleotide chain of
DNA. This binding results in the formation of complex
containing hydrophobic clusters, and the onset of I3/
increase in Fig. 2B can be considered as critical aggregation
concentration (CAC). An extensive plateau (II, Fig. 2B)
observed immediately after the first jump in 3/} can be
interpreted as the result of the formation of stoichiometric
complex of DNA with DDA and DTAB. Unfortunately, it is
impossible to determine the complex stoichiometry only
from pyrene fluorescence data, however, the observed in
experiments deepened with time opalescence of DNA
solutions at DDA and DTAB concentrations corresponding
to plateau II, ending in some cases with precipitation,
indicates indirectly in favour of the formation of complex
with stoichiometry close to 1:1 (i.e. one molecule of cationic
lipid per one negatively charged phosphate group of DNA).
Exactly in this case, one can expect the lowering in
solubility of the complex caused by strengthening of aggre-
gation processes as a result of neutralization of negatively
charged phosphate groups by positively charged —NHY
and —N(CH;)$ groups upon DDA and DTAB binding to
DNA. Studies of the interaction of DTAB, TTAB and CTAB
with DNA using surfactant-sensitive electrode [2,16,39] as
well as simple stereochemical considerations give additional
arguments in favour of stoichiometry of the complex close
to 1:1 at DDA and DTAB concentrations corresponding to
plateau II at Fig. 2B. Strictly speaking, the stoichiometry
0.8:1 follows from direct potentiometric measurements
[2,16,39] that, however, does not influence essentially on
the discussions below. It is seen from Fig. 2 also that the
second jump in /3/]; (region III) takes place upon further
increase of DDA and DTAB concentrations followed by exit
into the second plateau (region IV). The range of DDA and
DTAB concentrations corresponding to this transition prac-
tically coincides with that concentrational range where
micelle formation of these cationic amphiphiles occurs in
the absence of DNA. It would be natural to suppose that this
process, i.e. independent of DNA micelle formation by
DDA and DTAB, is the reason of the sharp increase in /5/
I, in region III. There is, however, a line of facts, including
experimental ones [43], which allow us to conclude about
additional binding of DDA and DTAB molecules with DNA
in this region resulting in the formation of another type of
DNA —cationic amphiphile complex. The structural features
of complexes formed in this range of concentration have
been discussed elsewhere [61], and in this paper, we limit
ourselves by the physicochemical characterization of com-
plexes with the stoichiometry close to 1:1 formed by DNA
and synthetic polyribonucleotides with DDA and DTAB at

concentrations of these cationic amphiphiles much lower of
their CMC.

Fig. 3 demonstrates the dependence of I5/[; on DDA
concentration at different DNA concentrations. A consec-
utive increase in the absolute value of (/3/1;)ax correspond-
ing to the region of stoichiometric complex existence, i.e.
plateau region, occurs with increase of DNA concentration.
Seemed unclear, at first sight, the unusual fact that different
values of (/5/})max refer to the same complex is easily
explained taking into account that the measured fluores-
cence spectra are a superposition of signals from pyrene
molecules located in different microenvironments—in aque-
ous phase, (/3/I))nydrophitic: @and in hydrophobic clusters of
formed complexes, (/3/]))nydrophobic- Lherefore, the deter-
mined parameter [3//; from these spectra may be presented
as a sum:

L/I = ol /1 ) pyarophitic T (1 = ) (3/11 ) nydrophobic (1)

where « and 1 — o are the molar parts of pyrene molecules
located in aqueous and hydrophobic surroundings, respec-
tively. It is quite natural that, with the increase of DNA
concentration, the number of DDA molecules bound with
DNA increases, which is equivalent to the extension of the
volume of hydrophobic phase capable of accommodation
for greater quantity of pyrene molecules. It is seen from Fig.
4 that (I3/1})max approaches asymptotically with DNA con-
centration the limiting value, which can be considered as a
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Fig. 3. The ratio of intensities of pyrene vibronic bands, /5/I;, versus DDA
concentration at different concentrations of DNA: (1) 4.85 X 10~ M, (2)
9.67x107°M, (3)243 x 107> M, (4) 745 x 107> M, (5) 243 x 10~ *
M, and (6) 4.83 X 10 ~* M.
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Fig. 4. I;/I; versus DNA concentration (in pg/ml) at DDA concentration
corresponding to the region of first plateau (region II in Fig. 2A).

measure of polarity of the medium inside hydrophobic
clusters. This value equals to ~ 0.9, which corresponds
in accordance with the known scale of hydrophobicity
[51,58] to the polarity intermediate between that of ethanol
and n-propanol. Rather high polarity of microenvironment
for pyrene probe is the result either of high permeability of
formed clusters for water molecules or of localization of
pyrene molecules close to the surface of the clusters. It
should be noted that more than two-order increase in DNA
concentration (Fig. 3) practically does not effect the CAC of
both DDA and DTAB, i.e. there is no shift of /I, curves
versus cationic amphiphile concentration along the X-axis.
These data are in apparent contradiction to theoretically
expected and really observed in experiments with synthetic
polymers noticeable shift in CAC of cationic amphiphile to
higher values with increase of polymer concentration [8,9].
Thorough analysis shows, however, that this contradiction is
the exception rather than a rule, and the apparent independ-
ence of CAC on polymer concentration should always be
observed when the concentration of cationic amphiphile is
much higher of polymer concentration, and this is the case
in our experiments (Fig. 3).

3.2. Thermodynamics of interaction of DDA and DTAB with
DNA and polyribonucleotides

The model of cooperative binding of low-molecular li-
gands to linear polymers [62—64] was used in this study for
analysis of thermodynamics of complex formation of DNA
and synthetic polyribonucleotides with DDA and DTAB.
This model has been fruitfully used for the analysis of various
systems, such as complexes of synthetic polyelectrolytes with
oppositely charged surfactants [2,16,36,37], helical struc-
tures formed by polynucleotides with complementary and

non-complementary monomers [65—68] and many others.
Simple conceptions lie in the foundation of this model: first—
a linear row of binding sites along polymer chain, and
second—two equilibrium constants for ligand binding to
polymer. The first of these constants refers to binding of
ligand to an isolated binding sites, and the second, to the
ligand binding with the site in close neighborhood with
already occupied one. As applied to our systems, the former
can be treated as an equilibrium constant for electrostatic
interaction of cationic amphiphile with negatively charged
phosphate groups of the polynucleotide chain, K, while the
latter is the product of K and the constant of hydrophobic
interaction, K}, of neighbor amphiphile molecules. Though
rather simplified, this model, nevertheless, provides conven-
ient formalism for the first approximation of the binding
process. Theoretical consideration of this model gives the
following analytical expression for isotherm of ligand bind-
ing with polymer:

0 =1/2{1 — (1 — KqKnCy)/[(1 — KKy C)*
+4KaCi]' ) (2)

where @ is the degree of binding, and Cyis the concentration
of free ligand in solution.
Two simple equations can be drawn from Eq. (2):

KoKy =1/(Ct)g_gs and (00/3Ct)g o5 = VKn/4
(3)

which allow the separate determination of binding constants
K, and K, from binding isotherms. The binding isotherms,
which are the dependences of binding degree, @, on the
concentration of free ligand, Cy, can easily be obtained from
experimental curves like the one presented in Fig. 3 assum-
ing the formation of complexes with stoichiometry 1:1, and
determining @ as follows:

O = [(55/1) = (B/11) win) / [ /1) max = (B/11) i) (4)

where I3/I; is the measured value of parameter I3/l at
different concentrations of ligand, and the meaning of (/5/
1) min and (13/17)max 1s clear from Fig. 3.

Fig. 5 shows built in this way isotherms of DDA binding
with native and denatured DNA, single-stranded polyribo-
nucleotides poly(A) and poly(U), as well as with double-
helical poly(A)-poly(U). It is seen that the parameters of
binding isotherms, such as the slope at the middle point
(6=0.5), and concentration of free DDA (and DTAB) at
this point are essentially dependent on the type of poly-
nucleotide. This means that the polynucleotide chain cannot
be considered as a passive template upon binding of cationic
amphiphile, but on the contrary, it actively influences the
process of complex formation and its thermodynamics.
Equilibrium constants for binding of DDA and DTAB to
different polynucleotide chains obtained from these binding
isotherms are summarized in Table 1.
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Fig. 5. Binding isotherms of DDA with native (1) and denatured (2) DNA,
with single-stranded polyribonucleotides poly(U) (3), poly(A) (5), as well
as with double helix poly(U)-poly(A) (4).

Several conclusions can be drawn from the analysis of
the data presented in this table. Firstly, complexes of DDA
with highly flexible polynucleotide chains (denatured DNA,
single-stranded poly(A) and poly(U)) are characterized by
rather weak hydrophobic interaction of DDA molecules
(Kn=9.5—13). For all complexes K}, ) 1, that points to high
cooperativity of interaction of DDA and DTAB with all
polynucleotides (K, {1, =1, and ))1 for anti-cooperative,
non-cooperative and cooperative processes, respectively
[62—64]). Secondly, the hydrophobic interaction of adjacent
DDA (or DTAB) molecules bound with native DNA is
essentially stronger than that with single-stranded polynu-
cleotides (K}, for native DNA is much higher than that for
single-stranded poly(A) and poly(U)). It is quite possible,
that an additional hydrophobic contact of aliphatic chain of
cationic amphiphile with nucleic bases in the small or large
groove of the double helix is responsible for this difference.
It is also seen from this table that equilibrium constant for
electrostatic interaction of DDA with DNA double helix and

Table 1

Equilibrium constants of DDA and DTAB binding with native and
denatured DNA, and synthetic polyribonucleotides in 10 ~> M NaCl 10 ~ 3
M Tris—HCI, pH 7.2

Polynucleotide Cationic amphiphile Ky, M ™! Ky
Native DNA DDA 150 30
Denatured DNA 480 13
Poly(U) 850 9.8
Poly(A) 1210 9.5
Poly(A)-poly(U) 1708 9.6
Native DNA DTAB 8.2 166
Denatured DNA 106 15
Poly(U) 19 62
Poly(A) 39 372
Poly(A)-poly(U) 7.8 205

single-stranded polynucleotides, K, is much higher than
the equilibrium constant for hydrophobic interaction, Kj,. As
it will be shown below, not only electrostatic interaction of
DDA with phosphates of DNA is characteristic for unsub-
stituted amino groups of DDA but also their hydrogen
bonding with nucleic bases, and the experimentally deter-
mined K, is, in reality, an apparent constant including both
of these interactions. However, hydrogen bonding seems to
be much weaker than electrostatic interaction (see Table 2),
and one may state that electrostatic interaction of positively
charged amino groups of DDA with negatively charged
phosphates of DNA makes the main contribution into the
stabilization of the complex. Opposite is true for complexes
of DTAB with DNA and polyribonucleotides for which
noticeable prevalence of hydrophobic interaction of neigh-
bor DTAB molecules on polynucleotide chain over electro-
static interaction of DTAB head groups with negatively
charged phosphates is observed. This fact suggests that
there exists close and direct contact of unsubstituted, pos-
itively charged amino groups of DDA with negatively
charged phosphate groups of the ribose-phosphate back-
bone, possibly, strengthened by formation of hydrogen bond
like N* —H - - —O—P, whereas the contact of large methyl-
substituted ammonium groups of DTAB with phosphate
groups is less tighter and is, probably, realized indirectly,
through molecules of bound water. Another fact which
attracts attention is rather high values of K, for interaction
of DDA with single-stranded poly(A) and poly(U), and
especially with double-helical poly(A)-poly(U). It is prob-
able, that this effect is partly connected with high contribu-
tion to the binding process of end phosphate groups carrying
the double negative charge, since relative number of the end
phosphates is much higher in polyribonucleotides in com-
parison with DNA because of lower molecular mass of
polynucleotides (mol. weight of polynucleotides is approx-
imately 300 times lower of that for DNA).

In view of the important contribution of electrostatic
interactions to the stability of the complexes, it was inter-
esting to study the influence of monovalent cation on the
thermodynamic parameters of complex formation. With this
purpose, the dependencies of /5/I; on DDA concentration in
the presence of fixed concentration of DNA were measured
at three NaCl concentrations one order differing from each
other, and the binding isotherms were built in accordance
with above described methodology (Fig. 6). The consec-

Table 2
Thermodynamic parameters of DDA binding with native DNA in 10~ M
Tris—HCI, pH 7.2 at room temperature and different NaCl concentrations

NaCl concentration, K, K AG,,

M M~! kJ/mol
103 3723 3.4 —20.6
102 152 30 —125
10! 57 30 —10.1

AG,=— RTInK,, is Gibbs’ free energy for electrostatic interaction of DDA
with phosphate groups of DNA.
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Fig. 6. Binding isotherms of DDA with native DNA at different NaCl concentrations. (1) 0.001 M, (2) 0.01 M, and (3) 0.1 M.

utive shift of isotherms of DDA binding to higher concen-
trations is observed with rise of Na¥ concentration, which
seems to be the result of a competition between Na® and
DDA® cations for binding sites—negatively charged phos-
phate groups of DNA. Thermodynamic parameters of com-
plex formation obtained from these binding isotherms are
summarized in Table 2.

It is seen from this table that the increase of Na®
concentration in the medium from 10 =3 to 10 ~' M results
in more than 50-fold lowering of the equilibrium constant
for electrostatic interaction of positively charged NHY
groups of DDA with negatively charged phosphate groups
of DNA. This is equivalent to the loss in electrostatic Gibbs’
free energy of complex formation of more than in 10 kJ/mol.
Very low value of K in 10~ ' M NaCl 7M™ 1, which,
surely, must be essentially lower in 1 M NaCl, supports the
statement above about weak contribution of hydrogen
bonding to the energetics of DDA interaction with nucleic
acids. It is interesting that the equilibrium constant for
hydrophobic interaction of DDA molecules bound at neigh-
bor binding sites of DNA, K, increases nearly 10 times at
transition from 10 "3 to 10 "' M NaCl, and this correlates
well with the known fact of strengthening of hydrophobic
interactions with increasing the ionic strength of solution
[69].

3.3. The influence of DDA and DTAB on UV-, CD-spectra
and UV-melting curves of DNA

3310V

We have studied in detail the effect of increasing the
concentrations of DDA and DTAB on UV-spectra of DNA
in the range of wavelengths 220—350 nm. All the observed
in this spectral region changes may be attributed either to
the change of extinction coefficient of nucleic bases as a

result of structural alterations in DNA secondary structure or
to the light scattering by micellar structures formed by DNA
with DDA and DTAB, since neither DDA nor DTAB have
any absorption bands in this region. A common feature for
DDA and DTAB is a regular increase of optical density of
DNA solutions with increase of concentrations of these
compounds in the whole spectral range including the wave
range far away from DNA absorption, i.e. at 4>320 nm.
The increase in optical density at 4 > 320 nm with concen-
tration of DDA and DTAB results from the formation of
compact light scattering particles. When concentrations of
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Fig. 7. The changes of optical density of DNA in maximum of absorption
band (D,ep) with concentration of DDA (O) and DTAB (@) at room
temperature.
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DDA and DTAB reach the values corresponding to the
formation of stoichiometric complex (region II, Fig. 2), light
scattering enhances as much as becomes detectable visually
as opalescence of solution. The optical density at 320 nm
monotonously increases with increasing the concentration of
both DDA and DTAB. Quite different are the dependences
of optical density on concentration of DDA and DTAB at
maximum of DNA absorption (A=260 nm) (Fig. 7). While
monotonous increase of optical absorption is retained for
DTAB (Fig. 7, solid circles); such dependence for DDA is
clearly sigmoidal (Fig. 7, open circles); which indicates to a
specific influence of DDA on DNA secondary structure,
namely, to destabilization or even partial unwinding of the
double helix. To check this assumption, we have studied the
influence of DDA and DTAB binding on UV-melting
profile of DNA as well as on its CD- and IR-spectra.

3.3.2. UV-melting

Fig. 8 shows UV-melting curves of DNA in buffer
solution and in the presence of increasing concentrations
of DDA and DTAB. An increase in DTAB concentration
results in consecutive shift of melting curves to higher

temperatures, which indicates to the stabilizing effect of
DTAB binding on DNA double helix, most likely due to the
effective screening of negatively charged phosphate groups
by positively charged head group of DTAB. The efficiency
of this screening is high enough, it is much higher than the
screening by Na® ions, for example. It is supported by the
estimations using the known formula given in Ref. [70],
which show that for experimentally observed 10 °C increase
in melting temperature, 7;,,, of DNA, it is necessary to make
the concentration of Na® in solution approximately three
orders higher than the concentration of DTAB necessary for
the same increase in T}, of DNA (Fig. 8A). The increase of
DDA concentration, on the contrary, results to the consec-
utive shift of melting curves of DNA to lower temperatures
(Fig. 8B), indicating to some destabilization of DNA double
helix upon DDA binding.

3.33.CD

An additional evidence in favour of the destabilizing
effect of DDA on DNA double helix comes from the
analysis of the effect of DDA and DTAB on CD-spectra
(not shown), which are very sensitive to any structural
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Fig. 8. UV-melting curves of DNA at different concentrations of DTAB (A) and DDA (B). DTAB concentrations: (1) 0 M, (2) 4.0 x 10 ~* M, and (3)
7.0 X 10 ~* M. DDA concentrations: (1) 0 M, (2) 6.3 % 10 > M, 3) .0X 10 ~* M, (4) 1.7 x 10~ * M, and (5) 2.5 X 10 ~* M.
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changes or distortions in DNA helix. It has been demon-
strated that DTAB does not practically exert any noticeable
effect on the parameters of CD-spectrum while essential
lowering the ellipticity both of positive and negative band is
observed in the presence of DDA, which point to a partial
unwinding of the double helix due to DDA binding.

3.34. IR

Fig. 9 demonstrates IR-spectra of DNA complexes with
DDA and DTAB, as well as the spectra of native and heat
denatured DNA at high relative humidity (93%). Their
analysis supports the above conclusion about stabilizing
effect of DTAB and destabilizing effect of DDA on DNA
double helix. This follows from the observed influence of
DDA and DTAB binding on selected vibrational bands of
DNA at 1712, 1088, and 1053 cm ', which are known to
be very sensitive to conformational state of DNA [71-73].
The band 1712 ¢cm ~ !, which is characteristic of native state
of DNA and refers to the stretching vibration of C=0
groups of guanine, cytosine and thymine in complementary
base pairs in stacked state, is shifted to 1692 cm ~ ' upon
helix unwinding. The narrow vibration bands at 1088 and
1053 cm !, originated from symmetric stretching vibration
of phosphate groups and collective vibration of deoxyribose
backbone, are widened and shifted to higher frequencies
upon DNA denaturation. The comparison of IR-spectra of
DNA complexes with DTAB and DDA (Fig. 9a,c) with IR-
spectra of native and heat denatured DNA (Fig. 9b,d)
evidences the opposite effects of DTAB and DDA on
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Fig. 9. IR-spectra of DNA complexes with DTAB (a), DDA (c), and native
(b) and heat denatured (d) DNA at relative humidity 93%.

DNA—while the binding of DTAB stabilizes the double
helix, the binding of DDA destabilizes it. The mechanism
for such destabilization may reside in possibility for DDA
carrying unsubstituted NH;® group to form, as opposite to
DTAB, intermolecular hydrogen bonds with nucleic bases
thus breaking the intramolecular H-bonding in complemen-
tary Watson—Crick AT and G-C base pairs.

4. Conclusions

Thus, both common and specific features of complex
formation of DDA and DTAB with nucleic acids were
revealed in the present work. Among common features of
these cationic amphiphiles one should mention of are the
following: (i) cooperative character of binding with poly-
nucleotide chains, (ii) the formation of two types of com-
plexes depending on the cationic amphiphile/polynucleotide
concentration ratio, (iii) a strong shift of CMC values of
these compounds to lower concentrations in the presence of
DNA and polynucleotides, and (iv) preferential contribution
of electrostatic and hydrophobic interactions to the stability
of formed complexes. The specific features of complex
formation connected with different chemical structure of
polar heads of DDA and DTAB one should point out are as
follows: (i) two types of binding sites on polynucleotide
chain for DDA, (ii) tight and direct contact of DDA amino
group with negatively charged phosphate group of poly-
nucleotide chain for DDA, and indirect, mediated by bound
water molecules, contact of DTAB with phosphates, and (iii)
the opposite, stabilizing (DTAB) and destabilizing (DDA)
effects of these cationic amphiphiles on DNA double helix.

Several consequences follow from the results of phys-
icochemical analysis of complex formation of DDA and
DTAB with nucleic acids. First, one can state that not only
an injury to functioning of biological membranes lies, as it is
considered presently [13—15], in the basis of the cytotoxic
effect of aliphatic amines, but their direct damaging action
on genetic apparatus—DNA as well. Second, it is necessary
to take into account when searching for and synthesizing
new cationic lipids for high efficient DNA delivery into
eukaryotic cells that the presence of unsubstituted amino
groups in cationic lipid may result in destabilization, or even
partial denaturation of DNA. Third, in this work, the
demonstrated ability of aliphatic amines to destabilize and
unwind locally the DNA double helix may play a role in
complicated mechanism of initiation of template synthesis
by RNA- and DNA-polymerases in the processes of DNA
transcription and replication.
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Abstract

We report on a small-angle synchrotron X-ray diffraction study of dilauroylphosphatidylcholine (DLPC) liposomes aggregated with high
molecular DNA in the presence of 1,4-butanediammonium-N,N'-dilauryl-N,N,N,N-tetramethyl gemini surfactant cations (C12GS). The
aggregates prepared at the DLPC/C12GS/DNA phosphate group=2:1:1.6 molar ratio in 0.0015 mol 1~ ' NaCl aqueous solution exhibit
Bragg reflections due to lamellar lipid bilayer stacking and the Bragg reflection typical of one-dimensional DNA lattice with parallel strands
intercalated between lipid bilayers. In this condensed fluid lamellar L; phase, the interactions between DNA and charged bilayers damp the
thermally induced bilayer undulations. The diffraction data obtained with the mixture of DLPC liposomes and DNA (at DNA phosphate
group/DLPC =0.8:1 molar ratio) indicate a DNA—lipid interaction in the absence of C12GS.

© 2002 Elsevier Science B.V. All rights reserved.

Keywords: Cationic liposome; DNA; Small-angle X-ray diffraction; 1,2-Dilauroyl-sn-glycero-3-phosphorylcholine; 1,4-Butanediammonium-N,N-dilauryl-

N,N,N,N-tetramethyl dibromide; Transfection

1. Introduction

Cationic bis(quaternary ammonium bromide) surfactants,
also called gemini surfactants, can be formally considered as
the dimers of quaternary ammonium surfactants [1—4]. The
gemini surfactants display increased bactericidal activities in
comparison to the respective monomeric surfactants [2,5,6]
and are very potent as plasmid curing agents [7,8]. Gemini
surfactants can also be used to increase the efficiency of the
DNA transfer into bacterial cells [8,9].

It has been observed that gemini surfactants interact with
the phospholipid bilayer in model and biological mem-
branes [6,8,10—14] and with DNA [15,16]. After intercala-
tion of cationic surfactants into bilayer between zwitterionic
phospholipid molecules, the bilayer surface becomes pos-
itively charged [8,17—21] and the bilayer structure disturbed
[6,22—28] depending on the surfactant concentration, alkyl
chain length and counter-ion. Minimum bilayer structural
perturbations occur when the surfactant and lipid hydro-

* Corresponding author. Tel.: +421-2-5025-9169; fax: +421-2-5557-
2065.
E-mail address: pavol.balgavy@fpharm.uniba.sk (P. Balgavy).

carbon chains have approximately equal lengths of hydro-
carbon chains [6,14,25,26]. The bilayers in phospholipid
liposomes charged by cationic gemini surfactants interact
electrostatically with DNA forming large light scattering
aggregates which dissociate upon increasing ionic strength
or in the presence of anionic surfactant [8,15]. Such self-
assembled ““cationic liposome—DNA complexes” are being
widely studied as synthetic DNA vectors for cell trans-
fection and non-viral gene therapy (see Refs. [29—-35] for
reviews). Because of the net negative charge of the cell
plasmic membrane, their charge should be positive for
efficient DNA transfer into target cells.

Recent X-ray diffraction and complementary experi-
ments have unambiguously identified two different types
of microscopic structure in these aggregates—Ilamellar con-
densed (‘“‘sandwich’”) phases with DNA intercalated
between lipid bilayers, and condensed inverted hexagonal
(‘““honeycomb”) phase wherein DNA is located in its water
tubes [36—45]. These experimental as well as theoretical
studies (see Refs. [46—55]) have analyzed the physico-
chemical properties of these phases as well as mechanism
of their formation in great detail. In the present paper, we
study the microscopic structure of the aggregates prepared

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.

PII: S1567-5394(02)00122-6





88 D. Uhrikova et al. / Bioelectrochemistry 58 (2002) 87-95

by mixing high molecular DNA with 1,2-dilauroyl-sn-glyc-
ero-3-phosphorylcholine (DLPC) liposomes positively
charged by intercalation of gemini surfactant 1,4-butane-
diammonium-N,N -dilauryl-N,N,N',N'-tetramethyl cations
(C12GS) between lipid molecules. The C12GS surfactant
was selected from the homologous series of gemini surfac-
tants [1-4,14] to minimize structural perturbations of
the DLPC bilayer. The aggregates studied in the present
paper were prepared at DLPC/C12GS/DNA phosphate
group =2:1:1.6 molar ratio, i.e. their net charge is positive.
The primary focus of the present study is the temperature
dependence of lattice parameters of the aggregates prepared.

2. Materials and methods
2.1. Chemicals

Highly polymerized calf thymus DNA (sodium salt) was
purchased from Sigma (St. Louis, USA). DNA concentra-
tions given are based on an average nucleotide molecular
mass calculated from the known composition of this DNA
[56]. 1,2-Dilauroyl-sn-glycero-3-phosphorylcholine
(DLPC) was purchased from Avanti Polar Lipids (Alabaster,
USA). Analytical grade sodium chloride was obtained from
Lachema (Brno, Czech Republic). 1,4-Butanediammonium-
N,N'-dilauryl-N,N,N',N -tetramethyl dibromide (C12GSBr,)
prepared by reaction of tertiary N,N,N,N'-tetramethyl-1,4-
butanediamine with 1-bromododecane as described in Ref.
[17 and purified by manifold crystallization from a mixture
of acetone and methanol was kindly provided by Professors
F. Devinsky and I. Lacko. Aqueous solution of 0.0015 mol
1~ ' NaCl and pH ~ 5.6 was prepared with redistilled water.
This solution was used as a solvent.

2.2. Preparation of liposomes

Multilamellar DLPC liposomes were prepared by dis-
persing the 74.4 mg of lipid in 3.4 ml of solvent. This
dispersion was briefly sonicated in a bath sonicator and
incubated thereafter at room temperature. A part of hydrated
lipid dispersion was centrifuged on a benchtop centrifuge
and the sediment with a small amount of aqueous phase was
transferred into a 1-mm glass capillary (Hellma, Miillheim,
Germany). To the multilamellar DLPC liposomes, the DNA
solution in the solvent was added to reach the DNA
phosphate group/DLPC molar ratio of 0.8:1. A part of the
resulting mixture was centrifuged as described above and
the sediment was transferred into a capillary as above. To
prevent the evaporation of water, the capillaries were sealed.
To the remaining part of DLPC + DNA mixture, the solution
of C12GSBr, was added stepwise. After each addition, the
sample was mixed by vortexing. During these additions, a
formation of large light scattering aggregates was detectable
by continuous increase of opalescence of the mixture. After
reaching the molar ratio of DLPC/C12GSBr,=2:1, the

aggregates were sedimented by a centrifugation on a bench-
top centrifuge. The sediment was substantially more viscous
than in the previous two cases. It was placed between 25-um
thick mica windows in the 5-mm hole in the center of 2 X 2
cm X 0.8-mm steel plate (sandwich sample). The mica
windows were glued to the steel plate by high vacuum
silicon grease (Wacker, Munich, Germany) to prevent the
evaporation of water. Before measurements, the samples
were stored at 5—6 °C.

2.3. Small-angle X-ray diffraction

The small-angle diffraction (SAXD) data were obtained
using the X13 double focusing monochromator-mirror cam-
era of the EMBL Outstation at the Deutsches Elektronen
Synchrotron (DESY) in Hamburg on the storage ring
DORIS. At this beam line, the wavelength selected by a
Ge(111) crystal is A=0.15 nm. The distance between the
sample and the linear small-angle detector [57] was 270 cm.
The experimental setup and data acquisition system were
described in more detail earlier (see Refs. [41,45] and
references therein). During measurements, the capillary or
the sandwich was held in a thermostatically controlled
sample holder and heated at a scan rate 1 K/min. Cooling
scans were performed at the same scan rate. During the
temperature scan, the diffractograms were recorded for 10 s
every minute. At selected temperatures, the diffractograms
were measured for 300 s. The reciprocal spacing

s = (2/2)sinf (1)

where 20 is the scattering angle, was calibrated using silver
behenate as standard [58]. The data were analyzed using the
interactive data evaluation program OTOKO [59].

3. Results and discussion

Fully hydrated DLPC in excess water has been measured
as a control sample. The SAXD patterns observed at differ-
ent temperatures in the range of 6.5—-91 °C consisted of two
rather broad peaks (Fig. 1). It is known that fully hydrated
DLPC can exist in different lamellar phases. Depending on
temperature and incubation conditions, crystal-like L. phase,
gel ripple Py phase with tilted acyl chains, ordered fluid
(liquid crystal) L, phase and disordered fluid (liquid crystal)
L, phase were found in fully hydrated DLPC [60—66]. In
nonannealed samples, the Py — L, and L,— L, phase
transitions occur at ~ — 1.8 and ~ 5 °C, respectively
[60,64,65]. Annealing (a prolonged sample incubation at
~ 0 °C) is accompanied by complete suppression of
Py — L, transition and by formation of crystal-like L. phase
[63]. In short, chain phosphatidylcholines, including DLPC,
the crystal-like L. phase can be converted into disordered
fluid L, phase directly on heating. At a slow heating rate
(0.2 °C/min), the endothermic L. — L, phase transition has
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Fig. 1. Typical diffractograms of the DLPC L, phase measured during the
heating scan at indicated temperatures for 10 s. The diffractogram at 25.4
°C was recorded during the cooling scan and the diffractogram at 25.0 °C
was recorded for 300 s before the temperature scans.

been observed to be broad (~ 5 °C) with excess heat
capacity maximum at ~ 7 °C [63]. Our experimental
protocol involved sample incubation at ~ 5—6 °C for about
24 h. However, in the sample holder, each sample was
heated to 25 °C, equilibrated at this temperature minimally
for 10 min, measured for 300 s, and cooled to about 6 °C
thereafter. The SAXD patterns were measured then imme-
diately during the heating scan between 6.5 and 91 °C in
regular intervals. Our samples were thus nonannealed and
we ascribe the observed peaks to the first and second order
Bragg diffraction on the one-dimensional lamellar fluid L,
phase. It is further seen in Fig. 1 that the diffraction peaks
become broader and superposed on the diffuse scattering
with the increase of temperature. At the highest temper-
atures, the second order diffraction peak fully disappeared
and only broad diffuse scattering was observed. This effect
was reversible on cooling, though some hysteresis was
observed at our relatively high scan rate (compare diffracto-
grams taken at 25.0 and 25.4 °C in Fig. 1).

We have fitted each Bragg diffraction peak with a
Lorentzian, and from the positions of fitted peak maxima,
we have estimated the lamellar repeat period d using the
Bragg equation. At temperatures above 55 °C, this proce-
dure gives false results because of severe distortion of
diffraction peaks. These data are not included thus in further
discussion. The temperature dependence of d is shown in
the semi-logarithmic plot in Fig. 2 (curve A). It is seen, that
Ind decreases up to about 15 °C and, after reaching a flat
minimum around 20 °C, increases from about 30 °C on

1.82

Fig. 2. Temperature dependence of the repeat period ¢ (in nm), aqueous
layer thickness dy (in nm) and DNA interhelical spacing dpna (in nm).
DLPC L, phase—(A, B); DLPC +DNA + C12GS Lg, phase—(C, D).

heating. The transversal thermal expansivity of DLPC L,
phase,

33,

where T is the absolute temperature, is thus negative in the
region of temperatures 1<15 °C and positive at £>30 °C.
The values of o obtained by least squares fittings are shown
in Table 1.

The unit cell of lamellar fluid L, phase consists of single
lipid bilayer plus the aqueous phase layer between neigh-
boring bilayers. The repeat period d is thus

d=d_ +dy (3)

where dp is the steric thickness of bilayer and dy the
thickness of aqueous layer. Now we will show that the
increase in the repeat period for £>20 °C is accompanied by
the increase in the aqueous layer thickness and in the
number of water molecules located in it. We have found
in the present paper that the repeat period is d=5.73 + 0.01
nm at 20 °C. Harroun et al. [67] have measured the trans-
bilayer distance of phosphate groups dyy=3.08 nm in the
fluid lamellar DLPC phase at 20 °C. The distance between
the phosphate groups and the boundary between the polar

Table 1
Transversal thermal expansivity of DLPC
1#°C 10%/K !
DLPC 6.5-15 —148+0.15
30-55 +0.66 £ 0.05
DLPC+DNA 6.5-15 —1.58+0.21
30-55 +0.92 +0.09
DLPC+DNA +C12GS 6.5-55 —1.55+0.01
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and hydrocarbon region and the volume of hydrocarbon
region are dy;=0.43 +£0.02 nm and V-=0.674 nm’,
respectively, in DLPC at 20 °C (see Ref. [68] and references
therein). A combination of these data gives the DLPC
bilayer hydrocarbon region thickness 2dc=dyy —
2dy1=2.22 £0.04 nm and surface area Ay =Vc/dc=
0.607 £ 0.011 nm?®. The thickness of the phosphatidylcho-
line bilayer polar region is dy=0.9 £ 0.1 nm [69-71]. At
20 °C, the steric DLPC bilayer thickness is then
dy=2dc+2dy=4.02 £0.14 nm and the aqueous layer
thickness dw=d —dy.=1.71 £0.15 nm. The number of
water molecules located in the aqueous layer (per one DLPC
molecule) is thus Ny = A1 dw/2Vw=17.3 £ 1.9 where Vy, is
the molecular volume of water at 20 °C taken from Ref.
[72]. In the fluid lamellar phase, an increase of temperature
should induce an increased population of gauche rotamers
in lipid acyl chains accompanied by lateral expansion of the
bilayer. The parameter describing this expansion is the
thermal area expansivity

=g (i), @

Evans and Needham [73] have estimated 5=0.00417 +
0.00020 K~ ' in fluid dimyristoylphosphatidylcholine
(DMPC) bilayers. Because f for DLPC is not available,
we will use the known value for DMPC. Using this value,
one can obtain the DLPC surface area at any temperature by
extrapolation from the value obtained above at 20 °C.
Similarly, the thermal expansion of DLPC molecular vol-
ume is characterized by the thermal volume expansivity

=7 (). ®

Since the value of y is not available for DLPC, we will use
7=0.00071 + 0.00002 K ~ ' calculated as the mean value
for the fluid lamellar phase of DMPC from the volumetric
data in Ref. [74]. From the molecular volume of DLPC
V1.=0.993 nm® at 20 °C [68], one can obtain then the
molecular volume of DLPC in the fluid lamellar L, phase at
any temperature by extrapolation. The volume of the polar
head group of phosphatidylcholines is ¥3;=0.319 nm® and
we will suppose in accord with Ref. [75] that it remains
constant irrespective of temperature. At 54.8 °C, the repeat
period found in the present paper is d=5.83 £ 0.01 nm.
Using this repeat period and physical parameters summar-
ized above, we have found a significant increase of both dy,
and Ny in comparison to 20 °C (Table 2). The temperature
dependence of dy is shown in a semi-logarithmic plot in
Fig. 2 (curve B). It is seen that dy remains constant up to
about 15 °C and then increases. Similar dependence has
been observed for Nyw—it remains constant up to 15 °C and
then increases (not shown). The increase of dy is thus
accompanied by diffusion of water molecules from outside
of lamellar phase in between lipid bilayers.

Table 2
Physical parameters of the lamellar fluid DLPC L, phase

20 °C 54.8 °C
d/nm 5.73 £0.01 5.83 £0.01
Vy/nm? 0.993 1.018 +0.001
Vyy/nm’ 0.319 0.319
Vo/nm® 0.674 0.699 + 0.001
dyi/nm 0.43 +£0.02 -
dy/nm 09+0.1 -
dyp/nm 3.08 -
dc/nm 1.11 £0.02 0.996 + 0.024
Ap/nm? 0.607 = 0.011 0.702 +0.018
di/nm 4.02+0.14 3.79 £ 0.05
dw/nm 1.71 £ 0.15 2.04 £ 0.05
Ny 173+ 19 239+12

Simon et al. [76] observed the bilayer thickness decrease
(~ 0.4 nm) and the aqueous layer thickness increase
(~ 0.7 nm) in the fluid lamellar L, phase of egg phospha-
tidylcholine (EPC) as the temperature was increased from 5
to 50 °C. They have predicted that the increase in aqueous
layer thickness is caused by an increase in the undulatory
fluctuations as a consequence of a temperature-dependent
decrease in bilayer bending modulus. Petrache et al. [70]
confirmed their experimental findings as well as their
predictions. The undulatory fluctuations cause disorder in
the relative positions of unit cells (long-range disorder)
resulting in broadening of diffraction peaks and apparent
disappearance of higher order Bragg diffraction peaks—the
long-range disorder removes the intensity from the central
part of the diffraction peak and spreads it into a diffuse
scattering, and the magnitude of this effect increases with
increasing diffraction order [70,77]. In the present paper, we
have observed the broadening of first and second order
diffraction peaks and disappearance of the second order
peak of DLPC as the temperature was increased (Fig. 1).
The width of the fitted second order Bragg peak As, and the
ratio of the widths of second and first Bragg diffraction
peaks As,/As; increase nonlinearly with the temperature
(see curves A in Figs. 3 and 4, respectively). This is
evidence that the disorder induced by undulations increases
with the increase of temperature. This effect is reversible—
in the cooling scan, a decreasing tendency of As, and As,/
As| parameters has been observed.

Typical diffractograms of DLPC +DNA + C12GS aggre-
gates are shown in Fig. 5. Besides the Bragg peaks due to
lamellar bilayer stacking, a single Bragg peak (marked by
arrow) is seen between the first and second order lamellar
reflections. Similar peak has been observed in other DNA
aggregates with cationic liposomes and has been ascribed to
diffraction on parallel DNA strands intercalated between
lipid bilayers in the condensed fluid lamellar phase L, [36—
38,44,45]. We have fitted each Bragg diffraction peak with a
Lorentzian, and from the positions of fitted peak maxima,
we have calculated the lamellar repeat period d and the
DNA interhelical spacing dpna using the Bragg equation.
The DNA interhelical spacing varied between 3.55 and 3.72
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Fig. 3. Temperature dependence of the second order lamellar Bragg
diffraction peak width As, and of the first order Bragg diffraction peak
width of the one-dimensional DNA lattice Aspna. DLPC L, phase—(A);
DLPC +DNA +C12GS Lg phase—(B, C).

nm with the mean dpya=3.64 £ 0.02 nm. This is close to
dpna=3.53 nm found at 45 °C in isoelectric DNA
complexes with cationic DMPC + dimyristoyltrimethy-
lammoniumpropane (DMTAP) liposomes at DMPC/
DMTAP=1:1 molar ratio [45]. Koltover at al. [44] have
observed dpna=3.54 nm in the isoelectric condensed fluid
lamellar phase of DNA + dioleoylphosphatidylcholine + dio-
leoyltrimethylammoniumpropane at phospholipid/surfac-
tant=1:1 molar ratio. The surface area of C12GS in EPC
bilayers estimated by X-ray diffraction is 0.69 + 0.02 nm?

) A
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Fig. 4. Temperature dependence of the ratio of second and first order
lamellar Bragg diffraction peak widths As,/As,. DLPC L, phase—(A);
DLPC +DNA +C12GS L, phase—(B).
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Fig. 5. Typical diffractograms of the DLPC+DNA+CI12GS L; phase
measured during the heating scan at indicated temperatures for 10 s. The
diffractogram at 25.0 °C was recorded for 300 s before the temperature
scan.

with two cationic head groups [14]. This matches exactly
the projected charge density of DNA—two anionic phos-
phate groups per 0.68 nm?> [44]. The temperature depend-
ence of the interhelical spacing is shown as a semi-
logarithmic plot in Fig. 2 (points D). The scatter of the
dpna Vvalues was relatively large to see clear temperature
dependence of dpna, though it seems that it slight-
ly increases on heating with the thermal expansivity
0.00036 + 0.00011 K ~'. This is less than 0.0016 K '
found in the isoelectric DNA + DMPC + DMTAP complexes
[45].

The diameter of hydrated DNA is 2.4 nm [37]. Subtract-
ing this diameter from the DNA interhelical spacing, one
calculates the distance between DNA molecules ~ 1.2 nm.
This relatively large distance indicates that the one-dimen-
sional DNA sublattice in the condensed fluid L; phase can
be disordered. The lateral topological disorder as well as
thermally induced fluctuations contribute to the diffraction
peak broadening. In Fig. 5, one can see that the DNA peak
is broader than the other peaks. The fitted DNA peak width
Aspna increases up to about 35 °C and then decreases or
remains constant (see Fig. 3, points C). Simultaneously, the
intensity of the DNA peak increases above 35 °C (not
shown). Artzner et al. [41] observed that the temperature
cycling increased the DNA peak intensity and decreased its
width in aggregates of DNA with DMPC and cationic
surfactant DMTAP. They concluded that the topological
DNA disorder is quenched after sample preparation before
the temperature cycling. The aggregates studied in the
present paper were not cycled before the measurements.
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The observed dependence of the DNA peak width and its
intensity is thus most probably caused by two effects acting
simultaneously—by the thermally induced fluctuations
causing an increase in peak width and decrease in its
intensity, and by removal of quenched topological disorder
which acts in the opposite direction.

The temperature dependence of the lamellar repeat
period d in the condensed fluid lamellar phase Lj, is shown
as a semi-logarithmic plot in Fig. 2 (points C). It is seen
that the repeat period decreases in the whole temperature
range. The transversal thermal expansivity obtained from
this plot is the same (within experimental error) as
observed in pure DLPC in the region of 6.5-15 °C (see
Table 1). The alkyl chain length of C12GS is the same as
the acyl chain length of DLPC, so we can supposed that
the steric bilayer thickness in DLPC+DNA + C12GS
aggregates is close to that in pure DLPC, or slightly
smaller because of larger surface area of CI2GS (see
above). Subtracting this diameter and the steric bilayer
thickness of DLPC from the repeat period, one obtains
that the thickness of aqueous layer between DNA and
bilayer surface increases from 0.23 nm at 6.5 °C to 0.29
nm at 55 °C. The thermally induced decrease of the repeat
period is thus caused by the change in the bilayer thickness
in DLPC+DNA +CI12GS aggregates.

The temperature dependence of the width of the fitted
second order lamellar Bragg peak As, and the ratio of the
widths of second and first lamellar Bragg diffraction peaks
As,/As; are shown in Fig. 3 (points B) and 4 (points B),
respectively. A small decrease in As, above 45 °C at a
constant ratio As,/As; is seen. Comparing points A and B in
these figures, it is evident that the thermally induced long-
range fluctuations observed in pure DLPC (see above) are
damped by the DNA intercalated between bilayers. A small
decrease in As, (and As;) above 45 °C correlates with the
small decrease in Aspna. This indicates that not only the
DNA topological disorder, but also short-range bilayer
disorder in the direction perpendicular to the bilayer surface
is removed on heating. It has been suggested that the
presence of negatively charged DNA between bilayers can
induce a partial lateral segregation of cationic surfactants in
bilayers to minimize the electrostatic energy of the whole
system, i.e. lateral “demixing” in plane of the bilayers can
occur [51-53]. Such a demixing has been observed exper-
imentally in 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoryl-
choline liposomes containing various cationic surfactants
and interacting with polyadenylic acid [78]. Because of a
small difference in the lengths and surface areas of DLPC
and C12GS molecules, this demixing can induce thickness
modulation in the bilayer. Another source of short-range
disorder can be a DNA-imposed elastic deformation of
bilayer [41,46]. The increase of temperature increases lateral
mobility of DLPC and C12GS molecules and trans-gauche
isomerization of their hydrocarbon chains. This could be a
mechanism responsible for the removal of short-range dis-
order on heating.

Boukhnikachvili et al. [40] have studied DNA com-
plexes with polycationic lipid dioctadecylamidoglycyl-
spermine (DOGS) prepared in a 0.15 mol 1-' NaCl
solution. At pH=8, DOGS forms a lamellar phase hav-
ing the lamellar repeat period d=7.01 nm. In the
DOGS +DNA complexes, the lamellar repeat period
was decreased to d = 6.45 nm and, simultaneously, the
intensity of diffraction peaks due to DOGS lamellaec was
increased. The authors concluded that “DNA obviously
improves the organisation of DOGS bilayer stacking,
even accelerating it”. Their observations and conclusions
are thus in accord with our results concerning the effect
of DNA on the disorder in lamellar phase. Noteworthy,
no diffraction peak corresponding to DNA sublattice in
the lamellar DOGS + DNA complexes has been observed
in Ref. [40]. Though the authors have not noted or
commented on the absence of the DNA peak, one can
conclude that the DNA topological disorder was most
probably too high in their preparation.

We have measured also the DLPC+DNA sample
prepared without C12GS. Only lamellar phase was
observed in the studied temperature range and diffraction
patterns were similar to those observed in fully hydrated
pure DLPC. We have not observed any diffraction peak
indicating a correlation between DNA molecules. The
calculated lamellar repeat period d displayed similar
temperature dependence as that in pure DLPC. The
thermal expansivity «=—0.00158 £ 0.00021 K~ ' calcu-
lated from the d dependence in the range of 6.5-15 °C
was (within the experimental error) the same as that in
the pure DLPC (see Table 1). However, it was signifi-
cantly larger when calculated in the range of 30-55 °C
(see Table 1). This indicates interaction between DNA
and bilayer even in the absence of cationic surfactant. It
has been found in calorimetric experiments [79—-81] that
DNA influences the gel-fluid phase transition in dipalmi-
toylphosphatidylcholine (DPPC) liposomes. The -calori-
metric enthalpy of this transition was significantly
decreased in the presence of high molecular DNA.
Similar effect on the gel-fluid transition calorimetric
enthalpy has been observed later by Zhdanov and
Kuvichkin [82] who studied the interaction of polyA/
polyU duplex with DMPC liposomes. They have also
observed a small but significant shift (0.7 £0.1 °C) in
the duplex melting temperature in the presence of DMPC.
Changes in the melting of high molecular DNA have
been observed in the presence of EPC liposomes [81].
Finally, we have found recently by using the sychrotron
SAXD that the high molecular DNA decreases the
rippling period d; of Ps phase and affects the lamellar
repeat period d in Py and L, phases of fully hydrated
DPPC [83]. The molecular mechanism of the direct
DNA —phosphatidylcholine interaction is not clear. It
might be polyanion DNA interaction with the lipid
N —P~ dipole. It is known that interaction of this
dipole with small inorganic and organic ions and charged
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peptides changes the conformation of the lipid head
group [84—-86]. The second possibility could be a local
unwinding of the DNA and interaction of DNA bases
with the bilayer [87].
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Abstract

The method of electrostriction has been applied to study the physical properties of supported lipid membranes (sSBLM) during membrane
formation at application of negative potential. Application of negative potential — 350 mV to the SBLM during its formation resulted in more
compact membrane structure as revealed by higher elastic modulus in comparison with sBLM formed without application of this potential.
We also studied interaction with SBLM cationic surfactant hexadecylamine (HDA), HDA—DNA and DNA—Mg> " complexes. Interaction of
HDA with sBLM resulted in decrease of membrane capacitance and two-directional effect on elasticity modulus (increase or decrease), which
can be caused by different aggregation state of surfactant at the surface of SBLM. In contrast with effect of HDA, the complexes of HDA—
DNA resulted, in most cases, increase of elasticity modulus and increase of membrane capacitance, which can be caused by incorporation of
these complexes into the hydrophobic interior of the membrane. Certain part of these complexes can, however, be adsorbed on the sSBLM
surface. DNA itself does not cause substantial changes of physical properties of sSBLM; however, addition of bivalent cations Mg>* to the
electrolyte-contained DNA caused substantial increase of elasticity modulus and surface potential. These changes are, however, much slower

than that observed for HDA—DNA complexes, which can be caused by slow competitive exchange between Na™ and Mg? ™ ions.

© 2002 Elsevier Science B.V. All rights reserved.

Keywords: Electrostriction; Capacitance; Cationic surfactants; Surfactant—DNA complexes; DNA—Mg>"—lipid complexes

1. Introduction

The study of the mechanisms of DNA—lipid interactions
has an important role for understanding the processes
connected with gene expression [1] and electroporation of
DNA through plasmatic membranes of the cell [2]. Because
DNA is negatively charged, it does not induce substantial
changes of physical properties of the membranes itself, but
only at presence of cations, like Ca®" or Mg>". At the
presence of these cations, so-called triple complexes are
formed [1]. Also, the transfer of DNA into the cell is more
effective when nucleic acid is in complexes with cationic
lipids [3], cationic antibiotic [4] or cationic surfactants [5].

It has been shown that DNA, at presence of bivalent
cations, induces shift of phase transition of saturated phos-

* Corresponding author. Tel.: +421-2-60295683; fax: +421-2-
65426774.
E-mail address: hianik@fmph.uniba.sk (T. Hianik).

phatidylcholines toward higher temperatures. This effect has
been explained by partial denaturation of DNA at the lipid
bilayer surface, which makes possible interaction of bases
with hydrophobic part of the membrane [3]. Recently
performed ultrasound velocimetry study of DNA-DPPC
interactions at the presence of calcium ions showed induc-
tion of biphasic stage of the melting curves, which has been
explained by coexistence of the free lipids and the strongly
bound one [6]. DNA interacts with cationic surfactants
cooperatively, as has been shown recently by Petrov et al.
[5]. These authors found different effects of cationic surfac-
tants—dodecylamine (DDA) and dodecyltrimethylammo-
nium bromide (DTAB) on secondary structure of DNA.
While DTAB stabilized DNA structure, DDA resulted in its
destabilization. The destabilizing effect of DDA has been
explained by means of the displacement of intramolecular
hydrogen bonds in complementary base pairs with intermo-
lecular H-bonds between unsubstituted DDA amino groups
and proton-accepting sites of nucleic bases. Existence of
DNA -lipid interaction has been revealed also by increased

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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surface pressure of lipid monolayers following addition of
plasmid DNA [2]. DNA can also interact with positively
charged peptides [7,8].

Despite extensive study of DNA-lipid interactions,
only little is known about mechanisms of these processes.
The effect of DNA and DNA-—cationic surfactant com-
plexes on membrane electrostriction has not been studied
yet. This work is therefore concerned with the study of the
effect of cationic surfactant hexadecylamine (HDA),
DNA-HDA complexes and DNA at presence of Mg®*
ions on the electrostriction of supported lipid membranes
(sBLM). We should note, however, that the abbreviation
sBLM is commonly used despite the fact that the structure
of these membranes formed on the tip of cut wire is not
exactly bilayer.

2. Experimental
2.1. Chemicals

DNA from calf thymus was purchased from Sigma
(USA). It has been fragmented by mild sonication in bath
sonicator for 75 s resulting in formation of fragments
with length of about 200-3500 base pairs as has been
determined by gel electrophoresis. DNA has been diluted
in concentration of 3.3 mM in buffer: 10 mM HEPES
(pH 7.6) containing 10 mM NaCl as has been determined
spectrophotometrically. The DNA concentration is pre-
sented in terms of nucleotides. The stock solution was
stored frozen. Cationic surfactant hexadecylamine (HDA)
(Sigma) was used for formation of DNA-—surfactant
complexes from stock solution contained 3.3 mM HDA
dissolved in buffer with 10 mM DNA, which corre-
sponded to the molar ratio HDA/DNA=1:1. At certain
concentration, the HDA forms micelles in water. This so-
called critical micellar concentration (cmc) has been
determined by turbidimetry and for HDA was 2.75
mM. Lipid membranes were formed from soybean phos-
phatidylcholine (SBPC) (P-1 Biochemical, USA) dissol-
ved in n-decane (Fluka, Switzerland) in concentration 50
mg/ml.

2.2. Formation of supported lipid membranes (sBLM)

sBLM have been formed on the tip of freshly cut
silver wire (diameter 0.5 mm) according to the method
by Tien and Salamon [9]. The wire was coated by
insulating polymer film formed by electropolymerization
according to Ref. [10]. During the formation of sBLM in
buffer, the negative potential —350 mV was applied to
the sBLM relative to the reference Ag/AgCl electrode
according to Haas et al. [11], which improved the cover-
ing of the wire by lipid film. Lipid bilayers formed from
SBPC were negatively charged as has been revealed by
measurement of surface charge density [12].

2.3. Measurement of elasticity modulus, E |, coefficient of
dynamic viscosity, n, electrical capacitance, C, and surface
potential, D, of sBLM

The electrostriction method allows us the simultaneous
measurement of the Young’s modulus of elasticity in direc-
tion perpendicular to the membrane plane, E |, coefficient of
dynamic viscosity, 1, membrane capacitance, C, and surface
potential, . These values were measured by applying an ac
voltage (amplitude Uy=150 mV and frequency f=1 kHz) to
the sSBLM. Membrane capacitance is given by

C:h/ZﬂTon (1)

where I; is the amplitude of the 90° component of the first
current harmonic. The modulus of elasticity perpendicular
to the membrane surface, £, is given by

E, = —p/(Ad/d) (2)

where Ad/d is the relative change in membrane thickness
resulting from the application of pressure p. In our setup,
this pressure results from the applied ac voltage (electro-
striction), and induces a time-dependent change of the
bilayer thickness reflected in a third harmonic component
of the current (amplitude I3; see Refs. [13,14]). Using
p=CSU§/2d for the electrostrictive pressure, where Cg is
the specific BLM capacitance per unit area, the Young’s
modulus can be calculated from

E, = CsUZL /4dl, (3)

For this calculation, we used Cg, determined from electrical
capacitance of BLM which contained n-decane: C5=0.37
pF/cm?. The thickness was determined from equation:
d=¢eeo/Cg=5 nm, where ¢=2.1 is relative dielectric permit-
tivity of the hydrophobic part of the lipid film and
£0=8.85x 10~ "2 F/m is dielectric permittivity of vacuum
(see Ref. [13]). The values of Cg and /# were then corrected
to the real values, corresponding to the hydrophobic part of
lipid films (see Section 3.1). The coefficient of dynamic
viscosity can be estimated by the following equation [13]:

n = (ELsing)/2nf (4)

where ¢ is the phase shift between pressure and membrane
deformation and f'is the frequency of deformation.

Two different sources of potentials are present in the
system: electrode potentials, U, and surface potentials of
the membrane, ®@. The surface potential consists, in general,
of Gouy—Chapman surface charge potential (Ugc) and
surface dipole potential (Up):

® = Ugc + Up (5)

The changes in intrinsic potential can be determined using
equation [13]

® = —U, + Uph, /AL (6)
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where [, is the amplitude of the second harmonic of the
membrane current with frequency 2f, which is generated if
the membrane is compressed simultaneously both by ac and
dc voltages. U, is dc voltage externally applied to the BLM.
The method of measurement of @ is based on simultaneous
determination of the amplitudes of the current harmonics /,
and 15 (see Ref. [13]).

For a classical BLM separating two aqueous phases, the
electrode potentials can generally be closely matched, mak-
ing their net contribution in the total circuit very small. With
metal-supported membranes, there is an inherent asymmetry
in the electrode materials (stainless steel or silver wire vs.
calomel electrode) and environments (lipid vs. aqueous
phase). Thus, the electrode potentials on the two sides of
the bilayer may be quite different, and cannot be determined
easily. Similarly, the different environments at the two faces
of the BLM will introduce further asymmetry into the
system. Both configurations of the head group layer in
contact with the metal support, and the electrical interaction
with the support (e.g., mirror charges) will differ from the
situation at the aqueous boundary [14]. For agar-supported
membranes, however, this asymmetry is rather small and is
mostly determined by salt concentration in agar bridge and
in aqueous solution.

Measurements of the electrical parameters were carried
out at apparatus described in detail elsewhere [13] under the
control of an IBM PC/AT 286 computer and were done at
T=20 °C. For measurement, the alternating voltage with
relative small amplitude (50 mV) with a frequency of 1 kHz
was applied to sSBLM. Additional dc potential ( — 350 mV)
necessary for membrane formation was applied to sBLM
from computer-controlled D/A transducer.

3. Results and discussion
3.1. Formation of sBLM

Haas et al. [11] showed that formation of SBLM under
application of negative potential is accompanied by decrease
of electrical current and membrane capacitance. This has
been explained by decrease of the structure defect in lipid
film due to formation of multilayer lipid structure at the
hydrophobic surface of the silver. Similar effect has also
been observed in this work. In addition to the membrane
capacitance, we measured also changes in elasticity mod-
ulus and phase shift. The values of elasticity modulus and
phase shift have been used for calculation of the coefficient
of dynamic viscosity according to Eq. (4). These values are
plotted in Fig. 1 as a function of time. We can see that all
values decrease with time, except for the phase shift. As we
mentioned, analogical decrease of membrane capacitance
has also been observed in paper by Haas et al. [11]. In this
work, the final steady state value of capacitance has been in
the range 170—210 pF. The average capacitance obtained in
our experiments was 194 £ 36.5 pF (mean £ S.E. obtained
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Fig. 1. The kinetics of changes of (A) elasticity modulus, £ |, (B) membrane
capacitance, C, (C) coefficient of dynamic viscosity, 1, (D) phase shift, ¢, of
sBLM formed at the tip of freshly cut Ag wire following application of
negative potential (— 350 mV) vs. Ag/AgCl electrode (negative terminal is
on the Ag wire). sSBLM were from soybean phosphatidylcholine dissolved in
n-decane (50 mg/ml).

from independent experiments on 16 membranes). Larger
average values obtained in our experiments are due to larger
diameter of the wire: 0.5 mm, instead of 0.38 mm used in
Ref. [11]. The average capacitance values obtained in
present works correspond to the thickness of hydrophobic
part of lipid film: d=18.5+ 3.5 nm (d=¢gA4/C, where
¢ = 2.1 is the relative dielectric permittivity of the hydro-
phobic part of the membrane, &,=8.85 x 10 ~ 2 F/m is the
dielectric permittivity of free space and A is the membrane
area). Considering that the hydrophobic part of lipid bilayer
containing n-decane has thickness approximately 5 nm [13],
it is possible to conclude that lipid film at the metal support
has multilayer structure. This conclusion is in agreement
with that reported by Haas et al. [11]. The estimation of film
thickness, however, did not take into account the thick
inhomogeneities and edge part of sBLM. Therefore, the
real value of the film area should be less than that calculated
on the base of wire diameter, and hence, the film thickness
should also be lower than that presented above. Fig. 1 shows
that both elasticity modulus and coefficient of dynamic
viscosity decrease, and phase shift increases with time (i.e.
under continuous application of the voltage — 350 mV at
the sBLM). At the calculation of elasticity modulus and
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coefficient of dynamic viscosity according to Egs. (3) and
(4), it has been assumed that sSBLM has bilayer structure.
However, decrease of membrane capacitance evidences that
the corrections on “true” value of capacitance and thickness
are necessary in order to obtain real value of elasticity
modulus, E', and coefficient of dynamic viscosity, #':

E\=E\ (Lo/L) (7)

W =n(ho/L)* (8)

where the [ is the amplitude of first current harmonics at
t=0. The corrected values of both E’, and # are presented
in Fig. 2 together with uncorrected one, i.e. £, and 5. We
can see that corrected values revealed considerable less
changes with time and after approximately 30 min of
application of negative potential of sBLM, the steady state
values have been obtained. We should note that while
decrease of membrane capacitance following application
of negative potential has been obtained in 15 cases from
16 independent membranes tested (in 1 case, no changes
of capacitance took place), for elasticity modulus, the
decrease was obtained in 9 cases, its increase was
observed at 4 cases, and at 3 cases, no changes took
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Fig. 2. The kinetics of changes of (A) elasticity modulus, £, (1) and that
corrected on increased thickness of the membrane, E’, (2) according to Eq.
(7); (B) the same for coefficient of dynamic viscosity, # (1) and that
corrected on increased thickness of membrane, ' (2) according to Eq. (8).

place. Certain variations in direction of changes of elas-
ticity modulus can be due to inhomogeneity of the
membranes that contain huge number of solvent molecules
(i.e. n-decane) that in addition can form microlenses.

It is interesting to compare behavior of sBLM formed
under application of negative potential and that formed at
open circuit potential [15]. In the latter case, the formation
of sSBLM was accompanied by increase of membrane
capacitance and decrease of elasticity modulus. It has been
shown by Passechnik et al. [15] that these sBLM (i.e.
formed without application of negative potential) are unsta-
ble in time. The changes of their electrical and mechanical
parameters are due to the formation of islands of uncovered
metal parts (which are characterized by considerable higher
capacitance due to formation of double electric layers of
cations in a close distance from metal surface) and inho-
mogeneities caused by solvent redistribution. The inhomo-
geneities that contained the solvent are more compressible
than the ordered parts of lipid bilayers. The elasticity moduli
of these membranes were (1.6 + 1.2) x 10° Pa, while for
sBLM of the same composition, but formed under applica-
tion of negative potential, 2.5 times larger values were
observed: (4.12 + 2.34) x 10° Pa.

Thus, application of negative voltage during formation of
sBLM resulted in formation of compact lipid layer at the
metal surface, which is more ordered in comparison with
sBLM formed at open circuit potential.

3.2. Interaction of HDA with sBLM

Hexadecylamine (HDA) is a molecule composed of
amino group and hydrophobic chain. The amino group is
positively charged at neutral pH. At low concentration, the
HDA is in the form of monomer, while above critical
micellar concentration (2.75 mM) forms micelles. In this
section, we will present results on the study of the
interaction of HDA with stabilized sBLM, i.e. formed
under application of negative potential. The sBLM were
kept at this potential approximately 30 min. Then only
alternating potential of relatively small amplitude (50 mV)
with a frequency f=1 kHz was applied to the membrane in
order to measure changes of the physical properties of
sBLM.

After the steady state values of capacitance and elasticity
modulus have been obtained, the HDA was added into the
buffer at the final concentration of 0.1-1 mM from stock
solution of HDA (10 mM). In most cases, the HDA at lower
concentration (up to 0.3 mM) did not cause changes of
membrane capacitance and elasticity modulus. However, at
higher concentration, addition of this surfactant resulted in
increase of elasticity modulus and decrease of membrane
capacitance (Fig. 3). Relative changes of these values as a
function of HDA concentration are presented in Fig. 4. We
can see that the shape of these changes is sigmoidal, which
may evidence about certain cooperativity of interaction of
HDA with sBLM. Probably the accumulation of HDA
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Fig. 4. The relative changes of (A) elasticity modulus, £,, and (B)
membrane capacitance, C, of sSBLM as a function of concentration of HDA.

monomers at the membrane surface resulted from higher
concentration formation of aggregates, which is more effi-
cient to change the properties of sSBLM in comparison with
monomers [16]. We should, however, note that the changes
of physical properties of sSBLM following addition of HDA
below the critical micellar concentration were not very
reproducible. At certain cases, we observed increase of
elasticity modulus and decrease of membrane capacitance
already at lower concentrations (0.1 mM). At some cases,
addition of HDA at concentration 0.1 mM resulted in
increase of elasticity modulus without substantial changes
of membrane capacitance. Then for ¢>0.3 mM HDA, the
elasticity modulus and capacitance decreased (Fig. 5).
Different changes of the values of £, and C following
addition of HDA can be particularly explained by different
aggregation state of surfactant at the surface of lipid film.
Surfactant can be both in monomeric or micellar state (Fig.
6). Incorporation of monomers into the bilayer could result
in decrease of free volume in the lipid layer, and electro-
static attractive forces also increase the ordering of the
polar part of the sSBLM. These two effects should explain
increase of elasticity modulus. The formation of micelles,
on the other side, could cause appearance of additional
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Fig. 5. The kinetics of changes of (A) elasticity modulus, £, and (B)
electrical capacitance, C, following addition of hexadecylamine (HDA) at
concentrations of 1—10 pM, 2—20 uM, 3—29 pM, 4—38 uM, 5—65 uM
and 6—100 pM. Moment of addition of HDA is showed by arrows.
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Fig. 6. Schematic representation of HDA monomers and micelles at the
surface of SBLM.

layers at the sSBLM surface and thus decreases membrane
capacitance. The layers of HDA could also contribute to
overall elasticity modulus of the sBLM. Considering that
elasticity modulus, £, of BLM composed of diacylphos-
phatidylcholines (e.g., SBPC) is higher than that for a-
monoglycerides (i.e. molecules composed of one hydro-
phobic chain), we should expect that the decrease of
elasticity modulus could be due to both lower elasticity
modulus of HDA layers as well as the increased number of
layers at the surface of SBLM (see the effect of increased
thickness of sSBLM on E, value discussed in Section 3.1).
We should note that different directions of changes of
elasticity modulus at the presence of cationic surfactant
cetyltrimethylammonium bromide (CTAB) or neutral sur-
factant Triton X-100 have been reported in our earlier
work. We showed that the changes of physical properties
of BLM also depended on the initial state of the elasticity
modulus of the membrane (see Ref. [13]).

3.3. Interaction of the HDA—DNA with sBLM

Due to the electrostatic interactions between positively
charged amino groups of HDA and negatively charged
phosphate groups of DNA, the complexes of HDA—-DNA
are formed [5,17,18]. The interaction of complexes (HDA/
DNA=1:1 mol/mol) with sSBLM was studied by measuring
elasticity modulus, membrane capacitance and surface
potential following addition of complexes into the buffer
from stock solution, where complexes were at concentration
of 3.3. mM. Interaction of complexes with sBLM resulted
in different changes of the values £,, C and ®. In Fig. 7,
we can see typical kinetic changes observed following
addition of the complexes: increase of elasticity modulus,
membrane capacitance and surface potential. The changes
of relative values of these parameters are showed in Fig. 8.
However, at certain cases, after initial increase of elasticity
modulus and membrane capacitance, decrease of these
values was also observed at higher concentration of com-
plexes (not shown).
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Fig. 7. The kinetics of changes of (A) elasticity modulus, £, (B) electrical
capacitance, C, and (C) surface potential, @, of sSBLM following addition of
the complexes HDA—DNA at concentrations of 1—300 uM, 2—400 uM,
3—500 uM and 4—550 uM. Moment of addition is showed by arrows.

Considering the obtained results, two types of processes
could be suggested to explain observed changes of physical
properties of sSBLM following adsorption of the complexes
HDA-DNA. (1) The complex could be incorporated into
the sBLM (see Fig. 9), which could be accompanied by
increase of relative dielectric permittivity of the hydro-
phobic part of the lipid layer and, consequently, to the
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Fig. 8. The relative changes of (A) elasticity modulus, £, (B) membrane
capacitance, C, and (C) surface potential, @, of sSBLM as a function of
concentration of HDA—DNA complexes.
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Fig. 10. The kinetics of changes of (A) elasticity modulus, £,, (B)
membrane capacitance, C, and (C) surface potential, @, of SBLM following
addition of DNA into the electrolyte contained 10 mM NaCl at different
final concentrations of 1-—0.065 mM, 2—0.19 mM, 3—0.3 mM, 4—0.4
and 5—0.52 mM. The moment of addition of DNA is showed by arrows.

increase of membrane capacitance. The increase of mem-
brane capacitance can be, however, also caused by structural
defects in lipid layers that can be induced by HDA—-DNA
interactions. (2) At certain cases, the increase of elasticity
modulus was observed, but capacitance did not change. This
effect can be explained by incorporation of monomers of
HDA into the lipid layer. These monomers are not involved
into the formation of HDA—DNA complexes. (3) Adsorp-
tion of the complexes could result to increase of sBLM
thickness (Fig. 9), which was observed at certain cases as a
decrease of membrane capacitance.

Thus, we can see that HDA and HDA-DNA com-
plexes caused different effects on sBLM physical proper-
ties. While interaction of HDA with sBLM was in all
cases accompanied by decrease of membrane capacitance,
the interaction of complexes resulted also to capacitance
increase or did not induce changes of this value at
simultaneous increase of elasticity modulus. The obtained
results clearly evidence that the complexes of HDA-
DNA are not only adsorbed on the membrane surface but
could be incorporated into the lipid interior and/or could
induce changes in the hydrophobic part of the lipid
membrane. We should, however, note that observed
differences could be particularly caused by changes in
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Fig. 11. The kinetics of changes of (A) elasticity modulus, £,, (B)
membrane capacitance, C, and (C) surface potential, @, of sBLM following
addition of Mg®* into the electrolyte contained 10 mM NaCl and 0.52 mM
of DNA. Mg?" was added in final concentrations of 1—3.8 mM, 2—5.6
mM and 3—7.4 mM. The moment of addition of Mg>"* is showed by
arrows.
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the process of micelle formation at presence of DNA as
has been recently showed by Sukhorukov et al. [19].
They showed that two different DNA—surfactant com-
plexes are formed at presence of DNA and that the cmc
for surfactants was 15—40 times lower than that without
DNA. It has been assumed that amphiphile molecules act
as linkers, which favor DNA aggregation.

3.4. Interaction of the complexes DNA with sBLM—
influence of Mg®*

At the first series of experiments, we studied interaction
of DNA with sBLM without Mg®>" ions. In this case,
addition of DNA into the buffer at concentration range
21-170 pg/ml did not result to any substantial changes of
elasticity modulus, membrane capacitance and surface
potential (Fig. 10). This means that negatively charged
DNA cannot adsorb to the negatively charged surface of
sBLM at sufficiently close distance in order to induce the
changes of membrane physical properties.

Substantial changes of sBLM properties have been
observed when Mg” " has been added into the electrolyte
where DNA was present at concentration 170 pg/ml (0.52
mM). This is seen in Fig. 11. Addition of Mg " at relatively
low concentration (up to 7.5 mM) resulted in substantial
increase of elasticity modulus, increase of surface potential
and modest changes of electrical capacitance. It is interest-
ing that we observed changes of physical properties of
sBLM at lower concentration of Mg?* than that character-
istic for triple complexes (DNA—Mg? " —phospholipid)
reported earlier for liposomes [1]. We should note that
Mg® " itself (without DNA) did not induce changes of
sBLM physical properties. This is also in agreement with
result obtained by Haas et al. [11]. In this work, the authors
did not observe changes of membrane capacitance at pres-
ence of 1 mM concentration of Mg® ™.

Increase of elasticity modulus and surface potential
clearly evidences the formation of the complexes DNA—
Mg® " —lipid head groups at the surface of sBLM. This
binding by means of the Mg® " cations probably resulted
in restriction of the mobility of phospholipids and con-
sequently could result in increase of the ordering of lipid
layer. Small increase of elasticity modulus following addi-
tion of bivalent cations could be caused with competitive
binding of Na* and Mg®" ions to DNA. At the first
moment, the DNA molecules are surrounded by Na ™ ions.
These ions are, however, not able to mediate interaction of
DNA with membrane. Addition of Mg?" resulted in
adsorption of these ions to the negatively charged surface
of SBLM and they also start to compete with Na* to bind
with DNA. This competitive binding could be one of the
possible reasons of slow process of binding DNA to the
membrane. Comparison of the speed of changes of phys-
ical properties of sBLM induced by DNA-Mg”" com-
plexes is really much slower than that induced by HDA—
DNA complexes. While in the former case, the changes

last several tens of minutes, at the latter case, they are less
than 1 min.

4. Conclusion

Application of negative potential to the solid-supported
membrane during its formation resulted in more compact
membrane structure as revealed by higher elastic modulus in
comparison with sBLM formed without application of this
potential. Interaction of cationic surfactant, hexadecylamine
(HDA), with sBLM resulted in decrease of membrane
capacitance and induced two-directional change of elasticity
modulus (increase or decrease), which can be caused by
different aggregation state of surfactant at the surface of
sBLM. In contrast, the complexes of HDA—DNA resulted,
in most cases, increase of elasticity modulus and increase of
membrane capacitance, which can be caused by incorpo-
ration of these complexes into the hydrophobic interior of
sBLM. Certain part of these complexes can, however,
remain adsorbed on the sBLM surface. DNA itself does
not cause substantial changes of physical properties of
sBLM; however, addition of bivalent cations Mg2+ to the
electrolyte caused substantial increase of elasticity modulus
and membrane potential. These changes are, however, much
slower than that for HDA—DNA complexes, which can be
caused by slow competitive exchange between Na ' and
Mg® ™" ions.
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Abstract

This work describes an electrochemical technique that is suitable for the rapid and sensitive screening of atenolol based on surface-
stabilized bilayer lipid membranes (s-BLMs) composed from egg phosphatidylcholine (PC). The interactions of atenolol with s-BLMs
produced electrochemical ion current increases that reproducible appeared within a few seconds after the exposure of the membranes to the
drug. The current signal increase was related to the concentration of atenolol in bulk solution in the micromolar range. The present lipid film-
based sensor provided fast response (i.e. on the order of a few seconds) to alterations of atenolol concentration (20 to 200 uM) in electrolyte
solution. ssDNA incorporated into s-BLMs can interact with atenolol, and decreased the detection limit of this drug by one order of
magnitude. The oligomers used were single stranded deoxyribonucleic acids: thymidylic acid icosanucleotide terminated with a C-16 alkyl
chain to assist incorporation into s-BLMs (5'-hexadecyl-deoxythymidylic acid icosanucleotide, dT,¢-C;¢). The electrochemical transduction
of the interactions of atenolol with s-BLMs was applied in the determination of these compounds in pharmaceutical preparations by using the

present minisensor.
© 2002 Elsevier Science B.V. All rights reserved.

Keywords: Biosensors; Electrochemistry; Surface-stabilized bilayer lipid membranes; Atenolol; ssDNA

1. Introduction

Atenolol [4-[2-hydroxy-3-isopropyl-aminopropoxy]-phe-
nyl-acetamide] belongs to the category of B-blockers and,
more specifically, it is a hydrophillic p1-receptor blocking
agent. This p-andrenoceptor blocking drug is of therapeutic
value in the treatment of various cardiovascular disorders,
such as angina pectoris, cardiac arrhythmia and hyperten-
sion [1]. Most of the B-andrenoceptor blocking drugs in use
are aryloxypropanolamines (AOPAs). Atenolol is an amino-
alcohol and induces a chiral center. B-blockers are excep-
tionally toxic and most of them have a narrow therapeutic
range; the differences between the lowest therapeutic and
the highest tolerable doses are small [2]. Gas chromatog-
raphy (GC) with mass spectrometry or electron capture
detector has extensively been used for the determination
of atenolol [2,3]. High performance liquid chromatography

" Corresponding author. Tel.: +301-7274-577; fax: +301-7295-142.
E-mail address: Nikolelis@chem.uoa.gr (D.P. Nikolelis).

(HPLC) has also been extensively used for the determina-
tion of atenolol [4,5]. Chromatographic methods however
require expensive instrumentation and are often complicated
and tedious, for example, in particular require a derivatiza-
tion step. Finally, immunoassays have been used for the
determination of this P-adrenoceptor blocking agent [6].
Due to the importance of atenolol, it is interesting to develop
a rapid screening method for its determination in pharma-
ceutical preparations.

The use of lipid films for the rapid detection or contin-
uous monitoring of a wide range of compounds in foods and
environmental pollutants was recently provided in a review
article [7]. The present paper explores electrochemically the
interactions of atenolol with surface-stabilized bilayer lipid
membranes (s-BLMs) that can be used for the direct sensing
of atenolol. s-BLMs supported on metal wire [8—10] were
used to construct the present minisensor which rapidly and
sensitive responds to atenolol. Such studies of specific
interactions of atenolol with lipid membranes have not been
reported in the literature up to date. It is well known that a

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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wide range of drugs interact with lipid membranes (for
example, see [Ref. 7]). The interactions of atenolol with
these membranes were found to be electrochemically trans-
duced by s-BLMs observed as ion current increases that
reproducibly appeared within a few seconds after the
exposure of the lipid membrane to atenolol. The magnitude
of the current signal increase was related to the concen-
tration of atenolol in bulk solution in the micromolar range.
The present lipid film-based sensor provided fast response
(i.e. on the order of a few seconds) to alterations of atenolol
concentration (20—-200 uM) in electrolyte solution. The
present s-BLM-based sensor was found to be stable for
long periods of time (over 48 h). The sensor can be easily
constructed, at low cost (and therefore can be used as a
disposable sensor) with fast response times on the order of a
few seconds. We have recently demonstrated that biosensors
based on s-BLMs with incorporated DNA can be employed
to decrease the detection limit of hydrazines and aflatoxin
M1 [11,12]. The oligomers used were single stranded
deoxyribonucleic acid: thymidylic acid icosanucleotide ter-
minated with a C-16 alkyl chain to assist incorporation into
s-BLMs (dT,9-Ci6). We also presently demonstrate that
ssDNA incorporated into s-BLMs displays a similar analyti-
cally useful tool to decrease the detection limit of atenolol
by one order of magnitude.

The application of the present electrochemical transduc-
tion for the determination of atenolol in pharmaceutical
preparations was investigated. The results have shown that
the recovery of the atenolol in these real samples varied
between 97% to 103%.

2. Experimental
2.1. Reagents and apparatus

Lyophilized egg phosphatidylcholine (egg PC; Sigma, St.
Louis, MO) was used for the formation of BLMs. Atenolol
was kindly donated by GAP Pharmaceuticals, (Athens,
Greece). The chemicals and basic techniques used for the
oligonucleotide synthesis have been previously reported
[13,14]. Silver wire (diameters 0.5 to 1 mm) was obtained
from Aldrich Chemical (Milwaukee, WI, USA). Water was
purified by passage through a Milli-Q cartridge filtering
system (Milli-Q, Millipore, El Paso, TX, USA) and had
minimum resistivity of 18 M) cm). All other chemicals
were of analytical-reagent grade.

A two electrode configuration was used in our experi-
ments with s-BLMs and consisted of a sensing electrode
(i.e. silver wire coated with a BLM) and an Ag/AgCl
electrode acting as a reference. Cyanoacrylate glue (Colle
Cyano Gel' Glue™, Continent, France) was used to isolate
the silver wire acting as a sensing electrode. A DC potential
of 25 mV was applied between the electrodes and the ionic
current through the BLM was measured with an electro-
meter (Model 614, Keithley Instruments, Cleveland, OH,

USA). The electrochemical cell and sensitive electronic
equipment were placed in a grounded Faraday cage. The
sensing electrode was connected to the power supply that
provided the 25-mV, whereas the reference electrode was
connected to the electrometer. The electrometer was
grounded through the Faraday cage, and therefore, the
applied potential at the sensing electrode was positive to a
virtual ground (i.e. electrometer). The same electrometer
was used as a current-to-voltage converter so that the current
will respond to be recorded.

A Perkin-Elmer differential scanning calorimeter (Model
DSC-7) was used for the DSC experiments; the thermo-
grams were processed by means of the Thermal Analysis
Data Station (TADS) of the DSC-7.

2.2. Procedures

Self-assembled BLMs were constructed according to
established techniques [8—10]. Solutions of PC (2.5 mg
ml ~ ') in n-hexane were used for the formation of metal-
supported BLMs. A lipid layer was deposited onto a nascent
metallic surface cut with a scalpel just before or while
immersing the metal wire into the lipid solution. The wire
with the lipid layer was subsequently immersed into a 0.1 M
KCI aqueous solution, and ionic current was stabilized over
a period of 10 to 15 min depending on the diameter of the
silver wire.

The oligonucleotide used was 5'-hexadecyl-deoxythymi-
dylic acid icosanucleotide (dT,-C;¢), and was synthesized
as previously reported [13—16]. The concentration of the
stock solution of the oligonucleotide in normal saline that
was used to treat s-BLMs was 6.35 mg ml ~'.

Calibrations of the response of the s-BLMs (without or
with incorporated ssDNA) in the presence of atenolol were
subsequently done by stepwise additions of 7.5 mM atenolol
standard solution added to the KCI electrolyte while con-
tinuously stirring. Once the calibration graph or its equation
is set up, the unknown atenolol concentration of a solution
can be independently determined using a fresh BLM on a
nascent metallic surface and the procedure of immersing the
wire with BLM into a KCI solution, etc. is repeated. All
experiments were performed at 25 = 1 °C.

Differential Scanning Calorimetric (DSC) experiments
were performed as previously described [17]. Lipid vesicles
composed of dipalmitoylphosphatidylcholine (DPPC;
Sigma) with a concentration of 2.5 mg ml ' were used
for the DSC experiments. The lipid was dissolved in »n-
hexane and the organic solvent was evaporated under a
stream of nitrogen gas. The lipid was resuspended by
sonication with a 0.1 M KCI electrolyte buffered solution,
at a temperature above the estimated phase transition, 7;,,, of
the vesicles (i.e. 40 °C in our experiments). The suspensions
had a concentration of 2.5 mg ml ~ ' and were left refriger-
ated overnight. An amount of 20 ul of lipid suspension was
withdrawn using a calibrated microsyringe and mixed in an
aluminum pan with 1 pl of atenolol solution (3.8 or 7.85
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mM) or 1 pl of ethanol. The pan was hermetically sealed.
Vesicles were scanned between 30 and 45 °C with a
scanning rate of 2 °C min ' using a DSC-4 differential
scanning calorimeter (electrolyte buffer solution was used as
the control). Scanning was initiated after 5 min after mixing
of the lipid suspension with atenolol solution to ascertain
adsorption of this compound in BLMs. Similar experiments
were done by mixing 20 pl of lipid suspension with 1 pl of
atenolol solution (1.82 or 7.22 uM) and 1 pl of dT5o-Cy6 (13
pg ml ~ ). The DSC curves were analyzed using a Thermal
Analysis Data Station (TADS) of the DSC-4.

3. Results and discussion
3.1. Interaction of atenolol with s-BLMs

The method of formation of metal supported stabilized
BLMs as reported by Tien et al. [§—10] was chosen among
various techniques owing to the simplicity and low cost of
BLM preparation. This method of formation of s-BLMs was
recently used in the development of biosensors for the
detection of wide range of chemical compounds (7).

Fig. 1 shows recordings of responses of the s-BLM-
based sensor towards atenolol in electrolyte solution. It can
be seen that the response times (to establish 99% of steady-
state current) of this sensing device is on the order of a few
seconds. The observed decay in response over the first
fraction of seconds would be indicating that diffusion
control is being established, and/or that membrane charging
is occurring.

The current values are linearly related to atenolol con-
centration within the range of 20—200 uM [A7 (nA)=11.1C
(uM) — 108.3, 2=0.992] as it is seen in Fig. 2. This
regression equation results from linear regression of the
current responses that were obtained (from Fig. 1) to
stepwise atenolol concentration changes in electrolyte sol-
ution. The value of » (that is 0.996 and therefore approaches
the value of one) shows that there is a good linearity of the
graph of Fig. 2. The detection limit presently obtained (for
S/N =3 and for noise levels of 7 nA) is 15 uM. A number of
BLM-based sensors (independently prepared according to
procedure) were used to determine the reproducibility of
fabrication. These experiments have indicated that the
reproducibility is on the order of +4% to 8% (N=35,
95% confidence limits, Fig. 2).

The longevity of the present sensors exceeded 48 h; this
time is sufficient for calibration that can be achieved in less
than an hour. The ionic current through BLMs stabilized
within 10—15 min after immersion of the metal wire with
the lipid coating into the electrolyte solution. The volume of
the cell that can be used can be as small as 1 ml. The rapid
addition and mixing of the atenolol can be made in less than
5 s (as observed with injections of an indicator, i.e. methyl
orange) [18,19]. A fresh sensing membrane must be pre-
pared for each calibration or determination of unknown to

10s (E),

f

200 nA
! F)

\© &

(A)

Fig. 1. Typical recordings of the BLM-based minisensor responses to
stepwise atenolol concentration changes in electrolyte solution. Atenolol
concentration (uM) in solution is: (A) 30.0; (B) 60.0; (C) 105; (D) 150; (E)
190; (F) 150; (G) 105. (A) to (F) represent the forward ion current response
for increasing atenolol concentration in solution, whereas (F) and (G)
represent the response during consecutive dilutions of atenolol solution
with the background electrolyte solution (0.1 M KCI).

insure that surface contamination and memory effects are
completely avoided. However, this is not of primary concern
owing to the simple, cheap and fast method of preparation
of this minisensor, having a relatively good reproducibly of
fabrication and can therefore be used as a disposable sensor.

The pH effect on the signal magnitude was examined in
the pH range of 3.0—9.0 [20] in which the bathing solution
was buffered with 10 mM HEPES. The signal was found to
be constant within experimental uncertainty for the pH
range examined. PC is an amphiphile molecule above pH
3.0 [20] and atenolol is a very weak acid [21] and at any
value above 3.0 is a neutral compound.

Differential Scanning Calorimetric studies were per-
formed to study the mechanism of signal generation. Results
using differential scanning calorimetry have shown that the
addition of atenolol did not change the transition temper-
ature, 7T,,, of vesicles composed of DPPC. These results
exhibit that atenolol does not form hydrogen bonding with
the lipid but it partitions into the lipid membrane with the
lipophilic part which in agreement with no change in the
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Fig. 2. Calibration of atenolol determination in the absence of DNA. Each point represents the mean of five determinations.

transition temperature [22]. The polar groups of the com-
pound exert into the aqueous solution and alter the surface
potential of the lipid film that results into alterations of the
ion current. The mechanism of the signal generation is under
further investigation.

3.2. Interactions of atenolol with ssDNA-modified s-BLMs

The ssDNA is modified to contain a C16 hydrocarbon
chain that helps assure incorporation into a lipid membrane.
The selection of dT,-Ci¢ as a modifying agent was made
on the basis of experience and knowledge of the kinetics
and adsorption characteristics of this material onto lipid
membranes from earlier work [23,24]. Our experimental
work has also included investigation of adsorption of dT5,-
Ci6, and mixed base pair sequences up to 25mer in length
[25]. These sequences adsorb to membranes, although
apparently with different partition equilibria than for dTpo-
Ci6- The dT»o-Cy6 provides a high degree of electrostatic
modification of lipid membranes as seen by ion current
changes, and is relatively strongly adsorbed as determined
by washing experiments that show negligible loss of mate-
rial over time courses [12]. Long strands of native DNA and
unmodified (no C16 tail) DNA have not been used since
preliminary results show that they are more weakly
adsorbed than short strands of DNA with a C16 tail [23—
25]. There has been no evidence of interaction between
ssDNA and atenolol. There were no reports of specific
interactions of atenolol with DNA in the literature up to
date. Therefore, it is assumed that ssSDNA does not act as a
selective receptor for atenolol. Rather, the presence of the
ssDNA alters the electrochemical sensitivity of the BLM so

that perturbations of the charge and structure of the mem-
brane are amplified to provide greater changes in signal (ion
current).

ssDNA incorporated in s-BLMs was used as a “recep-
tor” for the detection of atenolol. Experiments were per-
formed where injections of various concentrations of
atenolol in the bulk electrolyte solution were done after
the incubation and stabilization of s-BLMs with 6.35 ng/ml
dT,y-Cy¢ in saline solution. The addition of the oligomer
resulted in an increase of the ion current to values that were
consistent with the previous publications (i.e. about 250 nA)
[23-25]. Some typical results of ion current increases with
ssDNA concentration obtained herein are presented in Fig.
3. The subsequent addition of atenolol standard solution
resulted in further increases of the ion current when the
ssDNA concentration was kept constant during a set of
experiments. The response time was 18-20 s and the
increases of the ion current were linearly related to atenolol
concentration [Al (nA)=15.9 C (uM)+ 100, *=0.999] for
6.35 ng/ml dT,9-Ci6. The detection limit that was estab-
lished (for S/N =3 and for noise levels of 7 nA) was 1.8 pM.
The detection limit was 10 fold lower than that observed in
the absence of ssDNA. It is possible that the electrostatic
interactions of ssDNA with s-BLMs are modified by ateno-
lol, resulting in alterations of surface potential and structure
at the membrane surface.

Optimization of analytical signal was achieved by the
use of different oligomer concentrations that were used to
treat s-BLMs (e.g. 6.35 and 19.0 ng/ml). Larger concen-
trations of the oligomer (i.e. more than 19.0 ng/ml)
resulted in substantially increased background ion current,
and limited of the useful range of the analytical signals.
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Fig. 3. Calibration of oligonucleotide using 0.1 M KCI electrolyte solution s-BLMs composed from PC.

The results obtained indicate that the ion current values
are linearly related to atenolol concentration [Al (nA)
=159 C (uM)+100, *=0.999 and Al (nA)=0.958 C
(LM)+17.2, #=0.990 for 6.35 and 19.0 ng/ml dT-Cys,
respectively].

The incorporation of dT,y-C;¢ in BLMs therefore low-
ered the detection limit for the detection of atenolol by one
order of magnitude as compared with the detection limit
obtained in the absence of DNA. The incorporation of C16-
ssDNA provides a method to modulate surface charge to
achieve better analytical results.

3.3. Interference studies and application of the method for
the determination of atenolol in pharmaceutical prepara-
tions

Interference studies were done with the present sensor
in a competitive study, i.e. both atenolol and interferent
together in solution in ratio 1:1. These interferences
included investigation of most commonly found com-
pounds in pharmaceutical preparations containing atenolol
such as magnesium stearate, macrocrystalline cellulose,
povidone and sodium starch glycolate. No significant
interferences were noticed from the presence of these
compounds.

The potential application of the present interactions of
atenolol with BLMs was investigated by quantification
and recovery experiments of atenolol in pharmaceutical
preparations. The quantification of atenolol in Ternomin
(“Cana”, Athens, Greece) tablets containing 25, 50 and

100 mg of atenolol provided the results given in Table 1.
The results of quantification obtained have shown good
agreement with the percent of atenolol given by the
manufacturer (Table 1). The recovery studies were made
by spiking a known amount of atenolol in a solution of
Tenormin. The recovery ranged between ca. 97% and
103% which shows no interferences from the matrix
effects.

In conclusion, our present results indicated that a
minisensor based on stabilized BLMs, having extremely
fast response times (speeds of a few seconds) for the
rapid screening of atenolol and practically no interferen-
ces from atenolol or other constituents of atenolol, can be
reproducibly fabricated with simplicity and low cost.
Furthermore, the present results indicate that s-BLMs that
contain single stranded DNA oligomers can cause a 10-
fold decrease of the detection limit of atenolol. The
technique keeps prospects of selective determination of
atenolol in pharmaceutical preparations and for the con-
tinuous monitoring and analysis of this compound using
filter-supported BLMs.

Table 1
Quantification of atenolol in Tenormin tablets (the results presented herein
are random from a large number of experiments)

Atenolol given by the manufacturer (mg) Atenolol found (mg)

25 254
50 51.2
100 99.2
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Abstract

The application of a disposable electrochemical DNA biosensor to wastewater samples is reported. The DNA biosensor is assembled by
immobilising double-stranded calf thymus DNA on the surface of a disposable, carbon screen-printed electrode (SPE). The oxidation signal
of the guanine base, obtained by a square wave voltammetric scan, is used as analytical signal. The presence of compounds with affinity for
DNA is measured by their effect on the guanine oxidation. The comparison of the results with a toxicity test based on bioluminescent bacteria

has confirmed the applicability of the method to real samples.
© 2002 Elsevier Science B.V. All rights reserved.

Keywords: DNA biosensor; Screen-printed electrodes; Wastewater samples; Toxalert® 100

1. Introduction

One of the potentially major applications of a DNA
electrochemical biosensor [1-3] could be the testing of
water, food, soil and plant samples for the presence of
pathogenic microorganisms and for the presence of analytes
(carcinogens, drugs, mutagenic pollutants, etc.) with bind-
ing affinities for DNA. The binding of small molecules to
DNA and generally DNA damage has been described
through the variation of the electrochemical signal of
guanine [1—-9]. Intercalation has been observed with planar
aromatic molecules, and classical compounds are daunomy-
cin, ethidium bromide, acridine dyes, etc. [10—12]. Alter-
natively, some positively charged compounds can bind to
the DNA via electrostatic interaction with the phosphate
backbone [13].

In this paper, we report the DNA biosensor analysis of
wastewater samples collected in different Italian towns. The
biosensor was developed by immobilizing double-stranded
calf thymus DNA at a fixed potential onto the working
electrode surface of a screen-printed electrochemical cell.
The calf thymus DNA biosensor was then immersed in the
sample solution. After 2 min of interaction, a square wave
voltammetric scan was carried out to evaluate the oxidation
signal of guanine residues.

" Corresponding author. Tel.: +39-55-457-3283; fax: +39-55-457-3384.
E-mail address: mascini@unifi.it (M. Mascini).

We found interesting correlations with a commercial
toxicity test (Toxalert® 100 obtained from Merck) based
on the bioluminescence inhibition of the bacterium Vibrio
fischeri. The V. fischeri bioluminescence test is a standard
toxicity test widely recognised in many legislations [14].
The bioluminescence is directly linked to the vitality (the
metabolic status) of the bacterial cell. A toxic substance
causes changes to the cellular state, i.e. damage to the cell
wall, cell membrane, the electron transport chain, enzymes,
cytoplasmatic constituents; these changes are rapidly
reflected in a decrease in the bioluminescence signal that
can be measured with a photomultiplier in a luminometer.

More than 20 aquatic toxicity tests are reported in the 20th
edition of the Standard Methods for the Examination of Water
and Wastewater [15]; however, we chose the Toxalert® 100
assay since bacterial bioluminescent assays are rapid, repro-
ducible and cost-effective tests, and also because many of the
other bioassays are not routinely applicable.

The author proposes the electrochemical DNA biosensor
as a screening device for the rapid bioanalysis of environ-
mental pollution; this is a different concept from proposing
this device as a toxicity test since, in the term toxicity, more
complex reactions are involved than the simple binding of a
molecule to another molecule (such as the binding of
toxicants to the DNA molecules). Nevertheless, in our
opinion, each sample that determines a variation in the
DNA biosensor response is a sample that could contain
possible dangerous pollutants, and thus must be monitored
more carefully.

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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Electrochemical DNA biosensors are in line with the
requirements of in situ screening measurements, since all
the equipment needed for the DNA biosensor electrochem-
ical analysis is portable.

2. Materials and methods
2.1. Apparatus and reagents

Electrochemical measurements were performed with a
pAutolab electrochemical analysis system with a GPES 4.5
software package (Ecochemie, Utrecht, Holland), in con-
nection with a VA-Stand 663 (Metrohm, Milano, Italy). The
planar, screen-printed electrochemical cell (1.5 cm X 3.0
cm) consists of a graphite working electrode, a graphite
counter electrode and a silver pseudoreference electrode.
The procedure and reagents to make screen-printed electro-
des (SPEs) were reported elsewhere [16]. The graphite
screen-printed working electrode surface is 3 mm in diam-
eter. Each electrode is disposable.

The luminometer Toxalert® 100 and all the reagents used
to perform cytotoxicity tests were kindly provided by Merck
(Darmstadt, Germany).

Sodium acetate, sodium chloride, acetic acid and potas-
sium chloride were purchased from Merck.

Double-stranded calf thymus DNA was obtained from
Sigma (Milano, Italy).

2.2. Real sample collection

The Water Supply Companies provided the wastewater
samples from a wastewater treatment plant of the towns of
Firenze, Parma, Bologna and Roma.

Wastewater treatment plant sampling was performed
before (influent) and after (effluent) the treatment. All the
plants used biological treatment.

Treatment-plant operators collected influent and effluent
samples as 24-h composite samples. Samples were stored in
Pyrex borosilicate glass bottles at 4 °C. Before the analysis,
the wastewater samples were filtered using single-use
syringe filters, pore size 0.45 um, obtained from Sartorious
(Firenze, Italy). To perform the analysis with the Toxalert®
100, the pH of the samples were adjusted to the neutral
range; then the samples were ready to be tested. To analyse
the samples with the DNA biosensor, concentrated acetate
buffer (2 M) solution was added to 5 ml of sample obtaining
a final concentration of 0.25 M.

Sample preservation was accomplished by storing bottles
at 4 °C immediately after sampling and during the trans-
portation.

2.3. DNA biosensor

The electrode surface was pretreated by applying a
potential of +1.6 V for 3 min.

The biosensor was developed by immobilising double-
stranded calf thymus DNA at fixed potential (+0.5 V vs.
Ag screen-printed pseudoreference electrode for 120 s) onto
the screen-printed electrode surface. During the immobilisa-
tion step, the strip was immersed in acetate buffer solution
containing 20 ppm of double-stranded calf thymus DNA.
Then a cleaning step was performed by immersion of the
biosensor in a clean acetate buffer solution, at open-circuit
condition. The incubation step was performed by placing 20
ul of the sample solutions onto the surface of the graphite
working electrode. After 2 min the sensor was washed,
immersed in acetate buffer and a square wave voltammetric
scan was carried out to evaluate the oxidation of guanine
residues on the electrode surface. The area of the guanine
peak (around + 1.0 V vs. Ag screen-printed pseudoreference
electrode) was measured. Potentially toxic compounds
present in water or wastewater samples were evaluated by
changes of the electrochemical signal of guanine. We have
estimated the DNA modification with the value of the
percentage of response decrease (% R), which is the ratio
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Fig. 1. Oxidation of calf thymus double-stranded DNA immobilised onto
the electrode surface without (A) and with (B) the electrode surface
conditioning step. The oxidation peak of the guanine base is around +1.0 V
vs. Ag pseudo reference SPE. In (B), using conditioned electrode, note, the
peak of the adenine base (around + 1.3 V vs. Ag pseudo reference SPE).
DNA immobilisation: 2 min at +0.5 V vs. Ag pseudo reference SPE;
square wave parameters: frequency 200 Hz, step potential 15 mV,
amplitude 40 mV.
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of the guanine peak area after the interaction with the
sample (GPA;), and the guanine peak area after the inter-
action with the buffer solution (GPAy): % R=[(GPAy/
GPA,) — 1] x 100.

The analysis of a sample can be carried out in 8 min.

The supporting electrolyte for the voltammetric experi-
ments and for any step in the biosensor set up was acetate
buffer 0.25 M pH 4.7 and KCl 100 mM.

Square wave voltammetry parameters were frequency,
200 Hz; step potential, 15 mV; amplitude, 40 mV; potential
range +0.2V +1.4 V vs. Ag pseudoreference electrode.

2.4. Toxalert® 100 procedure

In all the experiments the osmolality of all standard and
sample solutions were adjusted to 2% NaCl for optimal
reagent performance. To express the toxicity we have used
the percentage of inhibition (% I), determined by comparing
the response given by a saline control solution to that
corresponding to the sample as a function of the incubation
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time. For all the experiments we used an incubation time of
30 min. The bioluminescence inhibition is determined by:

1% = [(100 — ]f)/[oc} x 100

where Iy is the corrected value of luminescence intensity of
the control test suspension in relative luminescence units
(RLU) and I; is the luminescence intensity of the test sample
after the contact time of 30 min in RLU [17].

3. Results and discussion
3.1. Biosensor development

The biosensor test format involves four main steps: the
electrochemical conditioning of the electrode surface, the
calf thymus double-stranded DNA immobilisation, the
interaction with the sample solution and the electrode sur-
face interrogation. All the measurements were carried out in
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Fig. 2. Effect of the square wave parameters on the guanine oxidation peak. Electrode conditioning + 1.6 V vs. Ag pseudo reference SPE, for 3 min: DNA

immobilisation: 2 min at +0.5 V vs. Ag pseudo reference SPE.
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acetate buffer since this is the best medium for performing
this kind of measurement [1-3].

As reported in the literature [18,19], the carbon working
surface needs to be conditioned before the immobilisation of
the DNA. The application of high potentials in acidic media
(acetate buffer pH 4.7) seems to increase the hydrophilic
properties of the electrode surface through the introduction
of oxygenated functionalities [20] accomplished with an
oxidative cleaning [20]. To pretreat the electrode surface we
applied a fixed potential of +1.6 V vs. Ag pseudoreference
SPE for 3 min, thus increasing the resolution of the
analytical signal as reported in Fig. 1.

The DNA immobilisation procedure as well as the
interaction step with the sample solution was already
optimised [2].

Square wave voltammetry was the method used to detect
the oxidation peak of guanine. As already reported in Ref.
[21], square wave parameters showed a great influence on
the biosensor analytical signal. The DNA signal increased
linearly with the frequency up to 300 Hz (Fig. 2A). How-
ever, an increase in the electrical noise (Fig. 2B) was also
observed for frequency values higher than 200 Hz; thus this
value was used as the optimal value. The analytical signal
was dependent on the amplitude (Fig. 2C) even if this
parameter seems to be less important than the frequency.
The peak area increased linearly with the step potential in
the range 7—30 mV, but for step potentials higher than 20
mV we observed a worse resolution of the signal (Fig. 2D).
Thus, the optimal values were found to be: frequency, 200
Hz; amplitude, 40 mV; step potential, 15 mV.

In our previous papers [1,2,24], the biosensor was
tested with many different chemical compounds with
relevance in terms of environmental pollution. Compounds
such as aromatic amines, endocrine disruptors, surfactants
and pesticides were analysed at different concentrations.
Fig. 3 voltammogram A, shows the effect of 2-anthramine
on the guanine peak. This compound is electroactive and
a peak due to the oxidation of the substance was observed.
The 2-anthramine decreased the guanine peak even at
low concentration, as expected, since it is a well-known
mutagen and carcinogen [22]. In addition, bisphenol A
is electroactive and a well-shaped peak was reported in
Fig. 3 voltammogram C, however, from our experimental
results, this compound, an endocrine disruptor, [23], had
no effect on the DNA biosensor.

The effect of some of these standard compounds on the
Toxalert® 100 test was also studied [24] in order to under-
stand the different sensitivities of the two tests towards
different chemical substances. Considering that the
Toxalert® 100 test involves the metabolic activity of the
bacterial cells instead of a simple interaction between two
molecules, as in the DNA biosensor test, an interesting
correlation between the two methods was found, even if
some molecules did not inhibit the bioluminescence of V.
fisheri (aromatic amines) or had no effect on DNA biosensor
response (nonylphenol or bisphenol A)
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Fig. 3. Analysis of standard solution of 2-anthramine (0.1 ppm) and
bisphenol A (5 ppm) with the double-stranded DNA biosensor. Oxidation
signal of the DNA biosensor after the interaction with 2-anthramine (0.1
ppm) (A) and bisphenol A (5 ppm) (C), respectively. (B) and (D) DNA
biosensor oxidation peaks (guanine ca. +1.0 V and adenine ca. +1.3 V),
without interaction with the analyte solutions. Electrode conditioning: 1.6 V
vs. Ag pseudo reference SPE, for 3 min: DNA immobilisation: 2 min at 0.5
V vs. Ag pseudo reference SPE. Interaction with the analyte 2 min open-
circuit condition. Square wave parameters: frequency 200 Hz, step potential
15 mV, amplitude 40 mV. On the original signals, a baseline correction was
performed.

3.2. Analysis of wastewater samples

Fig. 4 shows the results of the samples collected in
treatment plants of different Italian towns, which receive
mainly urban wastes as in the case of the samples collected
in Firenze, Bologna and Roma, but also industrial wastes as
in the case of Parma samples. For each town, influent and
effluent samples were collected and analysed. The samples
were tested with both the DNA biosensor and the Toxalert®
100.

For the samples from Firenze, Bologna and Roma, the
two tests showed the same trend. Generally higher levels of
luminescence inhibition on the influent samples in compar-
ison to the effluent samples were observed with the
Toxalert® 100 and the same trend was observed, in terms
of the decrease in guanine peak area, with the DNA
biosensor.





E Lucarelli et al. / Bioelectrochemistry 58 (2002) 113-118

117

—n— ToxAlert 100
Firenze —e— DNA biosensor
100 100
90 =90
80 = q80F
I}
70 = 170 ©
s 160 3
8 60 C -_60 o
e 50 | 450 0O
L o4 + —40 <ZE
<< L ]
X o
330 {30 2
= = I °
Z 20 F I 420
> x
— 10 F <410 -,
i VN
_10 1 1 1 1 1 1 1 1 1 1 1 1 i _10
A A B B C C D D E E F F
In Out In Out In Out In Out In Out In Out
—=— ToxAlert 100
Parma —e— Biosensor
110 110
100-1— b = ] ax—n < 100
90 - 490 ~
S 80t 480 3
o c
e 7t W {170 &
T eof J60 8
< 50f 50 2
X
S 40 i 440 Z
£ st E A A / ~g{30Q8
X 20} \ /\/ \I 20
10 ’\ {10 ¢
of 4o
-0 1 1 1 1 1 1 1 1 1 1 1 ] -10
A A B B C C D D E E F F
In Out In Out In Out In Out In Out In Out

—u— ToxAlert 100
Bologna —e— DNA biosensor
100 | . = - 4 100
90 | 490
S
s -80 2
8 r 1° &
; 60 = J60 8
201 50 2
é 40_— - - Jao 3
E 3oL= E\I I’/ = 130 2
2 J20
10f /\E Juo
0 ! 40
-10F J-10
1 1 1 1 1 1 1 1 1 1 1 1
A A B B C C D D E E F F
In Out In Out In Out In Out In Out In Out
—m=—ToxAlert 100
Roma —e— Biosensor
100 o - - . 100
90 | 490 ©
8of 80 @
S 7ol o
o 70 470 @
- [ 1 kel
E 60 [ 60 2
% 50 | 450 %
£ 40r 140 ©
X 30} 430 X
20 {20 ¥
10 F 410
.
ot 40
1 1 1 1 1 1 1 1 1 1 1

D D E E F F
Out

A A B B C C
In Out In Out In Out In Out In Out In

Fig. 4. DNA biosensor and Toxalert® 100 response on influent (In) and effluent (Out) wastewater samples from wastewater treatment plants of different Italian

towns (Firenze, Bologna, Parma, Roma).

A completely different trend was observed on the sam-
ples of Parma; for these samples a high toxicity level (%
[=100) was observed with the Toxalert® 100 test, on both
the influent and effluent samples. On the contrary, the DNA
biosensor, which was able to discriminate between the
influent and effluent samples, indicated a low presence of
molecules with binding affinity for the DNA.

In cases like this one the classical chemical analysis
could be very helpful, since it can individuate the molecules
or the class of molecules responsible for such high values of
bacteria inhibition, but with a very low affinity for the DNA,
and thus indicates if there is a false positive (Toxalert 100)
or a false negative (DNA Biosensor) response.

4. Conclusion

The results of the real sample analysis show a promising
correlation between the two tests. The DNA biosensor
response indicates just the binding of one or more molecules
in the samples with the DNA molecule. The Toxalert

response is a more complex response since the metabolic
activity of the bacterial cell is involved.

The measurement time with the DNA biosensor is less
than 10 min, the instrumentation needed is portable, and this
means that it could be very useful for in-field screening
analysis or when many samples have to be analysed.

In our opinion, this test is not exhaustive in defining the
“toxicity” of a sample, or better, the presence of compounds
toxic to human health in a water sample; however, it is
important to specify that the real toxicity of a water sample
has to be defined by many toxicity tests simultaneously,
since the biological component (from DNA to animal,
passing through bacteria, fish, algae) of the different tests
[15] shows a different sensitivity towards the different
compounds.

Nevertheless the DNA biosensor could be a very useful
test, integrated in a panel of tests, since it can give rapid and
easy to evaluate information on the presence of compounds
with affinity to the DNA. Moreover, this test is one of the
most competitive in terms of analysis cost and time, with the
possibility of developing a very end-user-friendly format,
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according to the requirements of a screening test for in field
measurements.
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Abstract

Described here are the electrochemical parameters for MB on binding to DNA at hanging mercury drop electrode (HMDE), glassy carbon
electrode (GCE), and carbon paste electrode (CPE) in the solution and at the electrode surface. MB, which interacts with the immobilized calf
thymus DNA, was detected by using single-stranded DNA-modified HMDE or CPE (ssDNA-modified HMDE or CPE), bare HMDE or CPE,
and double-stranded DNA-modified HMDE or CPE (dsDNA-modified HMDE or CPE) in combination with adsorptive transfer stripping
voltammetry (AdTSV), differential pulse voltammetry (DPV), and alternating current voltammetry (ACV) techniques. The structural
conformation of DNA and hybridization between synthetic peptide nucleic acid (PNA) and DNA oligonucleotides were determined by the
changes in the voltammetric peak of MB. The PNA and DNA probes were also challenged with excessive and equal amount of
noncomplementary DNA and a mixture that contained one-base mismatched and target DNA. The partition coefficient was also obtained
from the signal of MB with probe, hybrid, and ssDNA-modified GCEs. The effect of probe, target, and ssDNA concentration upon the MB
signal was investigated. These results demonstrated that MB could be used as an effective electroactive hybridization indicator for DNA

biosensors. Performance characteristics of the sensor are described, along with future prospects.

© 2002 Elsevier Science B.V. All rights reserved.

Keywords: DNA; Biosensor; Methylene blue; Peptide nucleic acid; Hybridization; Point mutation

1. Introduction

Various tools for DNA-based diagnostics and other areas
of biotechnology can be realized based on novel methods
for detecting DNA, RNA, and various genetic substructures
[1-5]. DNA biosensors based on nucleic acid recognition
processes are rapidly being developed towards the goal of
rapid and inexpensive testing of genetic and infectious
diseases. Electrochemical transducers offer powerful tools
for converting the hybridization event into an analytical
signal [6]. Nowadays, they are being used in many reports
for detecting the DNA hybridization event, due to their high
sensitivity, small dimensions, low cost, and compatibility
with microfabrication technology [7-9].

* Corresponding author. Tel.: +90-232-388-4000x1353; fax: +90-232-
388-5258
E-mail address: ozsozs@pharm.ege.edu.tr (M. Ozsoz).

The strong affinity of DNA for mercury surfaces has led
to the development of adsorptive transfer stripping voltam-
metric (AdTSV) procedures, which was described by Pale-
cek et al. [10,11]. This procedure is performed with the
HMDE immersed in the DNA solution for a short period.
The electrode can then be washed and dipped into the blank
buffer solution to measure the electrochemical signals of the
immobilized DNA at HMDE surface. A small drop of a
DNA solution (4—20 pl) is enough for AATSV procedures,
whereas 1-5 ml of DNA is often used in conventional
voltammetric analysis. The strong adsorptive immobiliza-
tion of DNA at HMDE provides an enhancement of the
sensitivity by two orders of magnitude compared to pulse
polarographic procedures.

Hybridization was detected by redox-active metal com-
plexes that associated selectively and reversibly with dou-
ble-stranded immobilized DNA [12,13]. Marrazza et al. [14]
showed that daunomycin (DM) could be used as an electro-

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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chemical hybridization indicator for detecting APO E (apo-
lipoprotein E) polymorphisms, using DNA fragments ampli-
fied by PCR. Erdem et al. reported that MB [15], epirubicin
[16], mitoxantron [17] could be used as redox-active indi-
cators for the electrochemical detection of mismatched
bases. Hianik et al. [18] reported that amperometric detec-
tion of DNA hybridization on a gold surface depended on
the orientation of oligonucleotide chains.

Methylene blue (MB) is an organic dye that belongs to
the phenothiazine family. The detection of hybridization
was accomplished by using the specific interaction of MB
with guanine. The evidence of the direct interaction of MB
with guanine bases on the DNA-modified CPEs was also
investigated by Yang et al. [19]. Rohs et al. [20] reported a
modelling study for MB binding to DNA with alternating
guanine—cytosine base sequence. Enescu et al. [21] inves-
tigated the conformation of MB-—guanine complex by
molecular dynamics simulation. The position and orienta-
tion of MB—guanine complexes were found to be in three
modes: T-shaped, nonstacked, and face to face. Kelley et al.
[22] studied the intercalation of MB into the thiol terminated
SAM of dsDNA on gold electrode by chronocoulometry,
cyclic voltammetry, ellipsometry, and **P labeling methods.
Tani et al. [23] reported that there was a shift in the peak
potentials of the square wave voltammetric signals of MB
obtained from the thiol-terminated oligonucleotide self-
assembly on gold electrode.

Peptide nucleic acid (PNA) is a structural DNA analogue
containing an uncharged N-(2-aminoethyl) glycine-based
pseudopeptide backbone, which has been reported to form
Watson—Crick complementary duplexes with DNA [24].
PNA, originally synthesized as a gene-targeting antisense
drug, has demonstrated remarkable hybridization properties
towards complementary oligonucleotides [25]. Compared to
DNA duplexes, PNA hybrids have higher thermal stability
and can be formed at low ionic strengths. The neutral
peptide-like backbone of PNA provides the basis for the
probe to hybridize to target DNA sequences with high
affinity and specificity [26,27].

In this paper, we used the HMDE, GCE, and CPE in
combination with adsorptive transfer stripping voltammetry
(AdTSV), alternating current voltammetry (ACV), and
differential pulse voltammetry (DPV) to obtain information
about the interaction of MB with DNA. Changes in the MB
signal resulting from the indicator interactions with dsDNA,
ssDNA, and oligonucleotides have been observed. The
features of the method are discussed and compared with
those methods reported previously.

2. Experimental

2.1. Apparatus

The cyclic voltammetry (CV) measurements were carried
out by using an AUTOLAB PGSTAT 10 electrochemical

analysis system and GPES 4.8 software package (Eco
Chemie, The Netherlands) in connection with Metrohm
VA-Stand 663 (Zurich, Switzerland). HMDE mode was
used with the electrode area of 0.40 mm?. The three-
electrode system involved the HMDE, Ag/AgCl/3 M KCI
as the reference electrode, and platinum wire as the auxiliary
electrode. The following were used as the buffer solution:
0.30 M ammonium formate and 50 mM phosphate buffer
solution (pH 6.91).

The alternating current and differential pulse voltamme-
try (DPV) measurements were done by using an AUTO-
LAB PGSTAT 30 electrochemical analysis system and
GPES 4.8 software package (Eco Chemie). The three-
electrode system consisted of the in-house-made carbon
paste electrode (CPE) or a glassy carbon electrode (GCE,
BAS, West Lafayette, IN, USA) as the working electrode,
the reference electrode (Ag/AgCl, Model RE-1, BAS), and
a platinum wire as the auxiliary electrode. The body of
CPE was a glass tube (3 mm i.d.) tightly packed with the
carbon paste. The electrical contact was provided by a
copper wire inserted into the carbon paste. Carbon paste
was prepared in the usual way by hand-mixing graphite
powder (Fisher) and mineral oil (Acheson 38) in a 70:30
mass ratio. The surface was polished on a weighing paper
to a smoothed finish before use. The convective transport
was provided by a magnetic stirrer.

2.2. Chemicals

Methylene blue was purchased from La Pine Scientific
(USA). The 14-mer PNA oligonucleotide was synthesized
at P.E. Nielsen’s laboratory, while the 14-mer DNA oligo-
nucleotides were obtained from Genset Oligos (Sydney,
Australia). Their base sequences are as below:

DNA target: 5'-GGG GGG CAG AGC AT-3

PNA and (DNA) probe: H-(5'-) ATG CTC TGC CCC CC
(-3')-LysNH,

DNA mismatch: 5-GGG GGG GAG AGC AT-3'

DNA noncomplementary: 5'-TCA AAT CAG GTT GCT
TA-3

Probe is a complementary to 14-base target; mismatch is
a mutant of the target with one base changed, as indicated
by the underline.

DNA oligonucleotide stock solutions (100 mg/l) were
prepared with TE solution (10 mM Tris—HCI, 1 mM EDTA,
pH 8.00) and kept frozen. PNA stock solutions (100 mg/l)
were prepared with 50 mM phosphate buffer solution (pH
7.40) and kept frozen. More dilute solutions of DNA and
PNA oligonucleotides were prepared with either 0.50 M
acetate buffer (pH 4.80) or 20 mM Tris—HCI buffer (pH
7.00), according to the hybridization protocol. Double-
stranded calf thymus DNA (dsDNA, activated and lyophi-
lized) and single-stranded calf thymus DNA (ssDNA, acti-
vated and lyophilized) were purchased from Sigma. All
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DNA stock solutions (100 mg/l) were prepared with TE
solution (10 mM Tris—HCI, 1 mM EDTA, pH 8.00) and
kept frozen. More dilute solutions of DNA were prepared
with 0.50 M acetate buffer (pH 4.80) for DPV and ACV
analysis and with 0.3 M ammonium formate, 50 mM
phosphate buffer solution (pH 6.91) for CV analysis. The
stock solutions of MB (1 mM) were prepared by using
distilled water. Other chemicals were of analytical reagent
grade. The distilled and deionized water was used in all
solutions. Other chemicals were of analytical reagent grade.
The in-house-distilled and deionized water was used in all
solutions.

2.3. Procedure

2.3.1. Detection of interaction between DNA and MB at
HMDE

2.3.1.1. DNA immobilization. The dsDNA- or ssDNA-
modified HMDE was prepared by immersing the bare
HMDE into a 20-pul drop containing 10 ppm dsDNA or
ssDNA in 0.30 M ammonium formate, 50 mM phosphate
buffer solution (pH 6.91) for 2 min.

2.3.1.2. MB accumulation. The DNA-modified electrode
was subsequently washed with the buffer solution and
transferred into the buffer solution, which contained various
concentrations of MB. The MB solution was stirred at 200
rpm for 5 min and MB was accumulated onto the dsDNA-
or ssDNA-modified HMDE.

2.3.1.3. Voltammetric transduction. The DNA-modified
electrode was then subsequently washed with the buffer
solution and transferred into the blank buffer solution for the
voltammetric measurement. The cyclic voltammograms at
HMDE were collected at 500 mV/s scan rate. The cyclic
voltammograms at CPE were taken at various scan rates.
The raw data were treated using the Savitzky and Golay
filter (level 4) of the GPES software. All CV measurements
at HMDE or CPE involved a fresh mercury or carbon paste
surface. For the measurements performed with the bare
HMDE, no DNA was adsorbed onto the electrode surface.

2.3.2. Detection of interaction between DNA and MB at
carbon electrodes

DPV measurements required each immobilization/detec-
tion cycle at a fresh carbon paste surface. A background
scan of buffer alone was collected for each electrode and
subtracted from subsequent scans.

2.3.2.1. CPE pretreatment. The CPE was activated by
applying 1.70 V for 1 min in 0.05 M phosphate buffer
solution with 20 mM NaCl (pH 7.40) without stirring.

2.3.2.2. GCE pretreatment. The GCE was polished with
6- and 1-um alumina slurries, sonicated in water, and

oxidized at 0.50 V for 1 min in 50 mM phosphate buffer
solution (pH 7.40). After the oxidation step, GCE was
rinsed with water for 10 s.

2.3.2.3. DNA immobilization. dsDNA or ssDNA was
immobilized on a pretreated CPE by applying a potential
0f 0.50 V for 5 min in 10 ppm dsDNA or ssDNA containing
0.50 M acetate buffer solution (pH 4.80) with 20 mM NaCl
at 200 rpm stirring. The electrode was then rinsed with 0.50
M acetate buffer solution (pH 4.80) with 20 mM NaCl for
10 s. The same procedure above was also performed by
using GCE.

2.3.2.4. MB accumulation. The DNA modified electrode
was immersed in 20 mM Tris-HCL buffer (pH 7.00)
containing 20 pM MB for 5 min at +0.50 V.

2.3.2.5. Voltammetric transduction. The electrode was
then transferred into the blank 0.50 M acetate buffer
solution (pH 4.80) with 20 mM NaCl for the voltammetric
measurement. The differential pulse voltammograms were
collected with an amplitude of 10 mV at 20 mV/s scan rate.
For the ACV analysis, a frequency of 230 Hz at a scan rate
of 10 mV/s was employed with an amplitude of 0.005 V
rms. The raw data were treated using the Savitzky and
Golay filter (level 2) of the GPES software, followed by the
moving average baseline correction with a “peak width” of
0.01. For the measurements performed with the bare CPE,
no DNA was adsorbed onto the electrode surface.

2.3.3. Gene sequence detection
Each hybridization detection involved the immobiliza-
tion/detection cycle at a fresh CPE surface.

2.3.3.1. Probe immobilization. The CPE was activated by
applying 1.70 V for 1 min in 0.05 M phosphate buffer
solution (pH 7.40) without stirring. The pretreated CPE was
then washed with water for 10 s and transferred into the
probe solution. The probe was subsequently immobilized on
CPE by applying a potential of 0.50 V for 5 min in the
stirred 10 ppm PNA or DNA probe containing 0.50 M
acetate buffer solution with 20 mM NaCl. The electrode was
then rinsed with 0.50 M acetate buffer solution for 10 s.

2.3.3.2. Hybridization. The hybridization protocol was
performed by dipping the PNA or DNA probe-modified
CPE into the 15 ppm target containing 20 mM Tris—HCI
buffer solution (pH 7.00) with 20 mM NaCl for 5 min while
holding the potential at 0.50 V. The electrode was then
rinsed with 20 mM Tris—HCI buffer solution for 10 s and
transferred into the blank 20 mM Tris—HCI buffer solution
for the measurement. The same procedure as above was
repeated by using the mismatch-containing oligonucleotide
and noncomplementary sequence instead of the target oli-
gonucleotide which was used instead of the target sequence
in the same protocol as explained above.
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2.3.3.3. Label binding to the hybrid. MB was accumulated
onto the surface hybrid by immersing the electrode into the
stirred 20 mM Tris—HCI buffer (pH 7.00) containing 20 pM
MB as a hybridization indicator with 20 mM NacCl for 5 min
without applying any potential. After accumulation of MB,
the electrode was rinsed with 20 mM Tris—HCI buffer (pH
7.00) for 5 s.

2.3.3.4. Voltammetric transduction. The reduction of the
accumulated MB was measured by using DPV with an
initial potential of 0.20 V in the 20 mM Tris—HCI buffer
(pH 7.00) with an amplitude of 10 mV at 20 mV/s scan rate.
The raw data were also treated using the Savitzky and Golay
filter (level 2) of the GPES software, followed by the
moving average baseline correction with a “peak width”
of 0.01.

Repetitive measurements were carried out by renewing
the surface and repeating the above assay format.

3. Results and discussion

The ACV signals of MB from the dsDNA-modified,
bare, and ssDNA-modified CPEs are displayed in Fig. 1.
Due to the interaction of guanine bases with MB at the
ssDNA-modified electrode (Fig. 1a), the signal of MB was
high in comparison with the one obtained from dsDNA-
modified electrode (Fig. 1c). MB displayed a reduction
signal at around —0.30 V with CPE at bare CPE (Fig.
1b). The increase of signals at ssDNA-modified electrodes
was attributed to the accumulation of the indicator at the
electrode surface through interaction with the guanine bases.
When the aromatic ring intercalated into dsDNA, the
electrochemically active center of MB was enveloped by
the bulky DNA molecule and was not available for redox
activity, thus Kelley et al. [22] used mediators to accelerate

CURRENT (pA)

| | | I
0.20 0 -0.20 -0.40 -0.60

POTENTIAL (V)

Fig. 1. Alternating current voltammograms of 20 uM MB at (a) ssDNA-
modified CPE, (b) bare CPE, and (c) dsDNA-modified CPE. CPE
pretreatment: 1 min at 1.70 V in 50 mM phosphate buffer (pH 7.40).
DNA immobilization: 5 min at 0.50 V in stirred 10 ppm DNA containing
0.50 M acetate buffer solution (pH 4.80). MB accumulation: 5 min at 0.50
V in 20 mM Tris—HCI buffer (pH 7.00) containing 20 pM MB.
Measurement of accumulated MB in 20 mM Tris—HCI buffer (pH 7.00).

this low signal (Fig. 1c). The low signal of MB at bare CPE
might be due to the little amount of MB, which might have
adsorbed on the CPE surface (Fig. 1b). In spite of these
binding and adsorption events, the clearly observed differ-
ence in the alternating current responses of MB obtained
from dsDNA- and ssDNA-modified CPEs displayed that
MB could be utilized as an effective indicator for the
detection of hybridization.

Fig. 2 displays the calibration plot of the MB current
signals obtained from the AdTSV analysis at HMDE sur-
face, while increasing the concentration of MB. The inter-
calator accumulated into the base pairs of double helix at the
dsDNA-modified HMDE and gave the lowest response at
each concentration level (Fig. 2c). The lack of the double-
helix form of ssDNA resulted in the high MB signals from
the ssDNA-modified HMDE (Fig. 2a). The low signal of
MB at bare HMDE might have caused from the adsorbed
MB on the HMDE surface (Fig. 1b). Data obtained from all
of the modified electrodes during the AdTSV analysis
showed saturation behavior with peak currents tending to
plateau at concentrations above 100 nM MB.

The calibration plot of the signals of MB adsorbed onto
the HMDE surface from its mixture with dsDNA and
ssDNA is shown in Fig. 3. After the accumulation of
MB-dsDNA or MB—ssDNA complex on the HMDE sur-
face, the electrode was transferred into the blank buffer
solution for the measurement. The current signals of inter-
calated MB increased rapidly up until 100 nM and then
tended to decrease at the dSsSDNA—MB-modified HMDE at
higher concentrations (Fig. 3b). The difference between the
signals obtained from the dsSDNA—MB and the ssDNA—
MB complexes (Fig. 3a) was obvious in all of the concen-
tration levels of MB examined.

According to the reference method proposed by Millan
and Mikkelsen [28], calibration data obtained at the sSDNA
(Fig. 4A), DNA probe- (Fig. 4B) and DNA—-DNA hybrid-
modified (Fig. 4C), and bare GCEs (not shown) were used
to estimate the partition coefficient of MB in the micro-
environment near the GCE surface as in the equation below:

MBbound/MBfree = (ibound - ifree)/ifree

where MByoung and MBg.. are the concentrations of bound
and free MB complexes, respectively, fyoung 1S the voltam-
metric peak current obtained at the ssDNA- and probe-
modified GCE, and i, is the current obtained from the bare
GCE. The validity of this equation depended on the follow-
ing assumptions that were reported by Millan and Mikkel-
sen [28]: (a) the equilibration of the free and bound forms of
MB occurred rapidly on the voltammetric time scale, (b) the
diffusion coefficient of MB was the same in ssSDNA and
probe as in the bulk solution, (c) the preconcentration of MB
bound to ssDNA at GCE surface did not significantly
change the optimum MB complex concentration, and (d)
the bound complex was electroinactive. The estimation of
the partition coefficient of MB at probe- and ssDNA-
modified GCEs was found as 0.76 and 0.92 by using the
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Fig. 2. Calibration plots of peak current against MB concentration, obtained
with AdTSV at (a) ssDNA-modified HMDE, (b) bare HMDE, and (c)
dsDNA-modified HMDE in 0.3 M ammonium formate, 50 mM phosphate
buffer solution (pH 6.91). DNA immobilization: the dsDNA- or ssDNA-
modified HMDE was prepared by immersing the bare HMDE into a 20-pl
drop containing 10 ppm dsDNA or ssDNA, 0.3 M ammonium formate, 50
mM phosphate buffer solution (pH 6.91) for 2 min. MB accumulation: The
electrode was subsequently washed with the buffer solution and transferred
into the buffer solution, which contained MB. MB was accumulated onto
the dsDNA- or ssDNA-modified HMDE at 200 rpm for 5 min. Measure-
ment: The electrode was then subsequently washed with the buffer solution
and transferred into the blank buffer solution for the voltammetric
measurement. The cyclic voltammograms were collected at 500 mV/s scan
rate. All CV measurements involved a fresh mercury surface. For the
measurements performed with the bare HMDE, no DNA was adsorbed onto
the electrode surface.

voltammetric peak currents obtained under the same con-
ditions at ssSDNA- and probe-modified and bare GCEs.

According to Fig. 4A and B, optimum ssDNA and DNA
probe concentration for voltammetric measurements was
found as 10 ppm. The MB signal almost remained constant
after 10 ppm indicating that the full surface coverage of
probe or ssDNA was achieved. The optimum DNA target
concentration was found as 15 ppm in Fig. 4C, because the
lowest MB signal was observed when the probe-modified
CPE was exposed to 15 ppm target-containing solution.
Thus, it was concluded that full surface coverage of the
electrode surface with the hybrid was established with the
target. There was a slight increase in the MB signal till 30
ppm indicating the fouling of the surface with the excessive
single-stranded target oligonucleotides flanking at the sur-
face. The detection limits, estimated from S/N=3, corre-
spond to 1.85 ng/ml ssDNA, 2.35 ng/ml DNA probe, and
2.03 ng/ml hybrid.

The effective discrimination against point mutation by
using MB is displayed in Fig. 5. The response of the
hybridization of the DNA probe (Fig. 5A-a) with the one-
base mismatch-containing DNA oligonucleotide at CPE was
detected by using MB. In the presence of a DNA oligonu-
cleotide containing a one-base mismatch, the difference
between the signal of the DNA probe-target hybridization
(Fig. 5A-c) and the one of DNA probe-mismatch hybrid-
ization could slightly be observed (Fig. 5A-b). The hybrid
formed with the one-base mismatch-containing oligonucleo-

tide resulted in unbound two guanine bases. These acces-
sible guanines increased the voltammetric signal of MB,
when compared with the hybrid-modified CPE (Fig. 5A-c).
Since the mismatched base was guanine, the increase in the
MB signal was based on the close interaction of MB with
the unbound guanine residues. The selectivity of the DNA
probe for a mismatched DNA target sequence is shown to be
poorer than that of the PNA probe, thus the MB signal
resembled the signal obtained from the full DNA hybrid-
modified CPE. Thus, PNA probes were employed for an
effective detection of point mutation by using MB.

The response of the hybridization of the PNA probe (Fig.
5B-a) with the one-base mismatch-containing DNA oligo-
nucleotide at CPE was detected by using MB. In the
presence of a DNA oligonucleotide containing a one-base
mismatch, which was nearly in the middle of this sequence,
the difference between the signal of the PNA probe-target
hybridization (Fig. 5B-c) and the one of PNA probe-mis-
match hybridization could be observed (Fig. 5B-b). The
hybrid formed with the one-base mismatch-containing oli-
gonucleotide resulted in unbound two guanine bases. These
accessible guanines greatly increased the voltammetric
signal of MB, when compared with the hybrid-modified
CPE (Fig. 5B-c). PNA probe did not form a hybrid with the
mismatched target DNA oligonucleotide. The selectivity of
the PNA probe for a complementary DNA sequence pre-
vented the hybrid formation on the CPE surface, thus the
MB signal after hybridization with the mismatch resembled
the signal obtained from the PNA probe-modified CPE.

A series of three repetitive measurements of the reduc-
tion of MB resulted in reproducible results with an RSD of
9.85% for PNA probe-modified CPE, with an RSD of
9.20% for PNA—DNA mismatch-modified CPE, and an
RSD of 10.45% for PNA-DNA hybrid-modified CPE.
The detection limits, estimated from S/N=3, correspond

1.20 a
<
=
- 0.80
i
[ b
¥ 0.40
>
(&

0 1 1 1 1
0 50 100 150 200

MB CONCENTRATION (nM)

Fig. 3. Calibration plots of peak current against MB concentration obtained
with AdTSV at HMDE with various concentrations of MB in the presence of
(a) 10 ppm dsDNA and (b) 10 ppm ssDNA in 0.3 M ammonium formate, 50
mM phosphate buffer solution (pH 6.91). MB and DNA accumulation:
HMDE was dipped into the buffer solution, which contained various
concentrations of MB and DNA. Measurement: The electrode was then
subsequently washed with the buffer solution and transferred into the blank
buffer solution for the voltammetric measurement. The cyclic voltammo-
grams were collected at 500 mV/s scan rate.
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Fig. 4. Calibration plots of MB peak current against (A) ssDNA, (B) DNA
probe, and (C) DNA target concentration. Ten parts per million ssDNA or
DNA probe immobilization at pretreated CPE, 5 min at 0.50 V in 0.50 M
acetate buffer (pH 4.80). Hybridization: 5 min at 0.50 V in 15 ppm one-base
mismatch sequence or target containing 20 mM Tris—HCI buffer solution
(pH 7.00). MB accumulation: 5 min, with 20 pM MB at 200 rpm without
applying any potential in 20 mM Tris—HCI buffer (pH 7.00). Measurement
by CV at 50 mV/s scan rate in 20 mM Tris—HCI buffer (pH 7.00).

to 1.82 ng/ml PNA probe and 2.75 ng/ml PNA-DNA
hybrid at CPE. The differences in the current signals
collected during the procedure above are shown in the inset
for each signal as a column with error bars. A series of three
repetitive measurements of the reduction of MB resulted in
reproducible results with an RSD of 10.85% for DNA
probe-modified CPE, with an RSD of 10.34% for PNA—
DNA mismatch-modified CPE, and an RSD of 9.86% for
PNA-DNA hybrid-modified CPE. The detection limits,
estimated from S/N=3, correspond to 2.56 ng/ml DNA

probe and 2.91 ng/ml DNA-DNA hybrid at CPE. The
differences in the current signals collected during the
procedure above are shown in the inset for each signal as
a column with error bars.

Control experiments were performed to assess whether
the biosensor responds selectively, via hybridization, to the
target. For example, Fig. 6 shows the response to the
exposures of the PNA probe-modified CPE to 17-mer non-
complementary DNA oligonucleotide. Following the expo-
sure of the PNA probe-modified CPE (Fig. 6a) to the
noncomplementary DNA oligonucleotide, a slight decrease
in the reduction signal of MB was observed (Fig. 6b). PNA
probes did not form any hybrid with the noncomplementary
DNA oligonucleotide, because only a complementary
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Fig. 5. (A) Differential pulse voltammograms for the reduction signals of
MB in 0.50 M acetate buffer (pH 4.80) at (a) DNA probe-modified CPE, (b)
after hybridization with one-base mismatch-containing DNA sequence, and
(c) after hybridization with target DNA sequence. (B) Differential pulse
voltammograms for the reduction signals of MB in 0.50 M acetate buffer
(pH 4.80) at (a) PNA probe-modified CPE, (b) after hybridization with one-
base mismatch-containing DNA sequence, (c¢) after hybridization with
target DNA sequence. Ten parts per million DNA or PNA probe
immobilization at pretreated CPE, 5 min at 0.50 V in 0.50 M acetate
buffer (pH 4.80). Hybridization: 5 min at 0.50 V in 15 ppm one-base
mismatch sequence or target containing 20 mM Tris—HCI buffer solution
(pH 7.00). MB accumulation: 5 min, with 20 pM MB at 200 rpm without
applying any potential in 20 mM Tris—HCI buffer (pH 7.00). Measurement
by DPV with an amplitude of 10 mV at 20 mV/s scan rate in 20 mM Tris—
HCI buffer (pH 7.00). Inset: the differences in the current signals collected
in three repetitive DPV experiments following the procedure above for each
column with error bars.
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Fig. 6. Differential pulse voltammograms for the reduction signals of MB: (a) in PNA probe-modified CPE, (b) after hybridization with noncomplementary
DNA sequence, (c) after hybridization with target DNA sequence. Inset: The differences in the current signals collected in three repetitive DPV experiments
following the procedure above for each column with error bars. (a) PNA probe-modified CPE, (a') DNA probe-modified CPE, (b) PNA probe after
hybridization with noncomplementary DNA sequence, (b') DNA probe after hybridization with noncomplementary DNA sequence, (c) PNA probe after
hybridization with target DNA sequence, (¢') DNA probe after hybridization with target DNA sequence, (d) PNA probe after hybridization with a mixture of
15 ppm target and 15 ppm mismatch-containing DNA sequence, (d') DNA probe after hybridization with a mixture of 15 ppm target and 15 ppm mismatch-
containing DNA sequence, (¢) PNA probe after hybridization with 292 ppm noncomplementary DNA sequence, (¢') DNA probe after hybridization with 292

ppm noncomplementary DNA sequence. Other conditions as in Fig. 5.

sequence could have formed a hybrid at the CPE surface as
in Fig. 6¢c. More decrease in the MB signal of DNA probe
(Fig. 6, inset b’) was observed upon hybridization with the
DNA noncomplementary sequence than that was observed
for PNA probe. The signal obtained from DNA-DNA
hybrid (Fig. 6, inset ¢’) was also higher than that observed
for PNA-DNA hybrid (Fig. 6, inset c). The difference
between the probe and hybrid signals could be better
observed with PNA probes. When the PNA probe was
challenged with a mixture, which contained equal amount
of mismatch and target, the hybrid signal was again just as
high as the hybrid signal obtained with only the target (Fig.
6, inset d). When the DNA probe was exposed to the
mixture of mismatch and target (Fig. 6, inset d’), the hybrid
signal was affected by the presence of mismatch and was
higher than that observed with PNA probe. The PNA probe
signal did not change much when challenged with an
excessive amount of noncomplementary DNA sequence
(Fig. 6, inset e). The DNA probe signal was found to be
increasing when exposed to an excessive amount of non-
complementary DNA sequence indicating that nonspecific
binding occurred at the surface (Fig. 6, inset ¢’). Thus, PNA
probes were found to be more specific to the target sequen-
ces than the DNA probes.

A series of three repetitive measurements of hybridiza-
tion of the 10 ppm PNA probe with the 15 ppm 17-mer
noncomplementary oligonucleotide resulted in reproducible
results and nearly no decrease in the response with an RSD
of 8.35%, the hybridization of the 10 ppm DNA probe with
the 15 ppm 17-mer noncomplementary DNA oligonucleo-
tide resulted in reproducible results and nearly no decrease
in the response with an RSD of 9.54%, the hybridization of
the 10 ppm PNA probe with the 15 ppm target resulted in

reproducible results and nearly no decrease in the response
with an RSD of 7.56%, the hybridization of the 10 ppm
DNA probe with the 15 ppm target resulted in reproducible
results and nearly no decrease in the response with an RSD
of 7.85%, the hybridization of the 10 ppm PNA probe with
the 15 ppm target and the 15 ppm mismatch-containing
DNA sequence resulted in reproducible results and nearly
no decrease in the response with an RSD of 9.15%, the
hybridization of the 10 ppm PNA probe with the 15 ppm
target and the 15 ppm mismatch-containing DNA sequence
resulted in reproducible results and nearly no decrease in the
response with an RSD of 9.92%, the hybridization of the 10
ppm PNA probe with the 292 ppm 17-mer noncomplemen-
tary oligonucleotide resulted in reproducible results and
nearly no decrease in the response with an RSD of
10.54%, the hybridization of the 10 ppm PNA probe with
the 292 ppm 17-mer noncomplementary oligonucleotide
resulted in reproducible results and nearly no decrease in
the response with an RSD of 8.79%.

4. Conclusion

This report demonstrates that MB, in connection with
PNA probes, is suitable for detecting DNA hybridization and
point mutation in connection with different voltammetric
techniques. The increase in the signal of MB at the ssDNA-
modified electrodes indicated the interaction of MB guanine
bases. Electrochemical DNA biosensors are characterized by
its simplicity, reliability, and small sample requirements.
DNA-modified electrodes offer a valuable tool to examine
the redox behavior of species within the DNA environment.
MB proves to be a promising electrochemical hybridization
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indicator. Future work in this laboratory will focus on
employing MB as electrochemical hybridization indicator
for the detection of clinically important oligonucleotides by
using DNA biosensor.
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Abstract

Hypochlorous acid, one of the most powerful biological oxidants, is believed to be important in the pathogenesis of some diseases. The
purpose of this study was to further characterise the membrane and intracellular events which resulted in HOCl-induced oxidative
impairments and haemolysis of human erythrocytes and interaction of different oxidative agents, which accumulated during respiratory burst,
in the process of RBS oxidation. The sequence of cellular events after red blood cell exposure to HOCI: cell morphological transformations,
oxidation of cellular constituents, enzyme modifications, and haemolysis have been evaluated. It was shown that HOCl-treated cells
underwent colloid-osmotic haemolysis, preceded by rapid morphological transformations and membrane structural transitions. The activation
energy of the process of haemolysis (after removal of the excess of oxidative agent) was estimated to be 146 + 22 kJ/mol at temperatures
above the break point of Arrhenius plot (31—-32 °C). This value corresponds to the activation energy of the process of protein denaturation.
Modification of erythrocytes by HOCI inhibited membrane acetylcholinesterase (uncompetitive type of inhibition), depleted intracellular
glutathione, activated intracellular glutathione peroxidase, but did not induce membrane lipid peroxidation. The presence of other oxidants,

nitrite or tert-butyl hydroperoxide (+-BHP), promoted the oxidative damage induced by HOCI and led to new oxidative reactions.

© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The respiratory burst of activated phagocytes (neutro-
phils and monocytes) both in vitro and in vivo results in
the generation of O5~ and H,0, and the release of the
enzyme myeloperoxidase [1]. This enzyme catalyses the
reaction of chloride oxidation by H,O, to give the power-
ful oxidant hypochlorous acid (HOCI). Oxidant concen-
trations reaching 200 pmol 1~ ' have been reported in some
tissues [2]. HOCI plays an important role in bacterial cell
killing, but excessive production of HOCI causes tissue
damage. This is believed to be important in certain

* Corresponding author. Tel./fax: +48-42-635-4474.
E-mail address: marbrys@biol.uni.lodz.pl (M. Bryszewska).

diseases, atherosclerosis and inflammatory conditions
[3,4]. HOCI reacts readily with a multitude of biological
molecules [5-8].

Proteins are the major targets for HOCI [5]. Treatment
of proteins with HOCI results in alterations of amino acid
side chains, protein fragmentation and dimerization [5,6].
The majority of protein amino acid residues react with
HOCI via free amino groups which results in the formation
of semistable chloramine intermediates (RNHCI, mainly
lysine-derived chloramines) [6]. Reaction of hypochlorous
acid with the double bonds of unsaturated lipids produces
a,p-chlorohydrin isomers. Fatty acid acyl and cholesterol
chlorohydrins are formed after exposure of red cell mem-
branes to HOCI [7]. The membrane effects of lipid
chlorohydrins can contribute to the cytotoxicity of hypo-
chlorous acid [7]. HOCI is able to penetrate the cell
membrane and oxidize intracellular thiols. Reduced gluta-

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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thione (GSH) is one of the most preferred biological
substrates of myeloperoxidase-derived hypochlorous acid
[8,9]. Exposure of human red blood cells (RBCs) to low
doses of HOCI results in the loss of intracellular GSH [8].
GSH oxidation by HOCI is a highly selective process and
precedes oxidation of membrane thiols, formation of chlor-
amines and haemoglobin (Hb) oxidation in RBC [8§].
Vissers and Winterbourn [8] have shown that in erythro-
cytes most of the GSH is converted into glutathione
disulphide (GSSG). In addition to GSSG, two stable
products of reaction of GSH with HOCI, glutathione
sulphonamide and glutathione thiolsulphonate, were iden-
tified [9]. Whereas GSSG in the cell is recycled enzymati-
cally, formation of these higher oxidation products is likely
to be irreversible [8,9].

While the reactions of hypochlorous acid with cell
constituents (proteins, GSH, lipids) are well investigated,
the mechanisms of HOCI-mediated cell damage are less
understood. The sequence of events after cell exposure to
neutrophil generated HOCI, which resulted in cell impair-
ment and death (the molecular mechanism(s) of cytotoxic
action of HOCI) is not well known. Schraufstatter et al.
[10] have shown the oxidation of different targets on the
membrane of P388D1 tumour cells by low HOCI concen-
trations (10—20 pmol 1~ '), but the reactions that are
essential for cell lysis were not identified. For RBCs,
Vissers et al. [11,12] have demonstrated that exposure to
hypochlorous acid results in immediate changes of mem-
brane structure affecting cell deformability and membrane
permeability. These effects are followed by gradual cell
swelling and K leak and finally haemolysis. Interestingly,
haemoglobin was not oxidized under these conditions,
indicating that other cell constituents, including membrane
proteins, were the main targets of hypochlorous acid [13].
However, the question which membrane (or cell) constit-
uents are responsible for HOCI-induced haemolysis
remains open.

There is a great interest in the chemistry and biochem-
istry of oxidative cell injury, induced by activated neutro-
phils, and in the interactions of damaging species involved
in the respiratory burst [14]. RBCs, lacking protein syn-
thesis machinery, have been used extensively as a model
system for investigation of the molecular and cellular
mechanisms of neutrophil-mediated cell damage [7-12].
One can suggest similar cellular events produced by HOCI
for different kind of cells, for example, loss of glutathione
(GSH) and total protein thiol groups, as was shown for
human endothelial cells [15] or RBCs [8]. Moreover,
erythrocytes are exposed to hypochlorous acid in the
bloodstream so understanding of the interaction of HOCI
with the erythrocyte seems noteworthy. RBCs modified by
HOCI can participate in development of the long-term
vascular complications in inflammation; interact with neu-
trophils or other blood cells in the circulation. The purpose
of this study was to further characterise the membrane and
intracellular events that resulted in HOCl-induced oxida-

tive impairments and haemolysis of human erythrocytes
and interaction of different oxidative agents (active forms
of chlorine—HOCI, nitrogen—NO,, oxygen—organic
hydroperoxide), which accumulated during respiratory
burst in the process of RBS oxidation. We have inves-
tigated the cascade of the cellular events produced by
exposure of RBCs to hypochlorous acid, which can be
responsible for cytotoxic action of this agent: morpholog-
ical transformations, oxidation of cellular constituents,
membrane and cytoplasmic enzyme modification, haemol-
ysis. The process of RBC oxidation by HOCI in the
presence of such agents as nitrite or organic hydroperox-
ide, which can be accumulated in RBC during oxidative
stress, has also been studied.

2. Materials and methods
2.1. Chemicals

Sodium hypochlorite (NaOCl), sodium nitrite (NaNO5,),
tert-butyl hydroperoxide (+-BHP), 5,5 -dithiobis (2-nitro-
benzoic acid) (Ellman’s reagent), 2-thiobarbituric acid
(TBA), trichloroacetic acid (TCA) and acetylthiocholine
iodide (ATCh) were from Sigma-Aldrich, Germany. All
other reagents were from POCh (Gliwice, Poland) and were
of analytical grade. All solutions were made with water
purified in the Milli-Q system.

2.2. Blood samples

Blood from healthy donors was purchased from the
Central Blood Bank in Lodz. Blood was taken into 3%
sodium citrate. After removing plasma and the leukocyte
layer, erythrocytes were washed three times with cold (4
°C) phosphate buffered saline (PBS: 0.15 mol 1~ ' NaCl,
1.9 mmol I ! NaH,POy,, 8.1 mmol I~ ! Na,HPO,, pH 7.4).
Erythrocytes were used immediately after isolation.

2.3. The susceptibility of erythrocytes to hypochlorous
acid-induced damage

Suspensions of RBC in PBS (haematocrit of 10%)
were treated with different concentrations of hypochlo-
rous acid at 22 °C for different times (usually 10 min).
Then, the cells were washed three times with excess of
cold PBS and resuspended in PBS (haematocrit of 10%).
HOCI was added as a single bolus of 25 mmol 17" stock
solution of NaOCI in PBS to cell suspension and mixed
by vortexing. At pH 7.4, this solution contains a mixture
of HOCI and OCI™ at approximately 1:1 ratio and is
subsequently referred to as HOCI [12]. The concentration
of OCI™ was determined spectrophotometrically using an
absorbance coefficient of 350 mol™ ' 1 em™ ' (292 nm) at
pH 9.0 [16]. The susceptibility of erythrocytes to HOCI-
induced oxidative damage was measured in terms of the
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apparent rate constant of cell haemolysis, accumulation of
TBA-reactive species (TBARS), oxidation of intracellu-
lar oxyhaemoglobin (oxyHb) and GSH and modification
of membrane acetylcholinesterase (AChE, EC 3.1.1.7),
and cytoplasmic glutathione peroxidase (GSHPx, EC
1.11.1.9).

The process of haemolysis of erythrocytes treated with
HOCI1 was monitored by Hb release or by changes of
RBC suspension integral light scattering intensity. In the
first case after various time periods, 50 pl of pretreated
HOCI RBC suspension (haematocrit of 10%) was added
to 1 ml of PBS and centrifuged (1000 X g, 5 min). The
Hb content of the supernatants was measured spectropho-
tometrically by absorbance at 414 nm. For estimation of
100% haemolysis, the same amount of cells was haemo-
lysed by addition of 1 ml of water. In the second case,
the dependencies of integral light scattering intensity of
erythrocyte suspension were measured as suspension opti-
cal density at 700 nm. Immediately before the measure-
ments of light scattering, cell suspension was diluted by
PBS to 250 times (optical density at 700 nm did not
exceed 0.4).

2.4. The TBARS assay

The amount of TBARS formed was measured using the
method of Stocks and Dormandy [17].

2.5. The concentration of metHb

The concentration of metHb in treated erythrocytes
was estimated from visible spectra of RBC haemolysates
using the algorithm of Winterbourn [18] based on
the measurement of optical densities at 560, 577 and
630 nm.

2.6. The concentration of GSH and protein—glutathione
mixed disulphides (GSSP)

The intracellular GSH level was determined by the
method of Ellman [19], using the extinction coefficient of
13.6 mmol ' 1 cm™ ' (412 nm). GSSP were estimated
according to the method described by Rossi et al. [20].

2.7. Enzyme activity measurements

AChE activity was determined according to the method
of Ellman et al. [21] using ATCh. Erythrocytes were
suspended in 0.145 mol 1~ ' NaCl solution containing 5
mmol 1™ ' potassium phosphate, pH 7.9 at 22 °C (0.1%
haematocrit). ATCh concentrations were 20—100 pmol
17!, and the concentration of Ellman’s reagent in the
samples was 50 pmol 17'. The activity of erythrocyte
GSHPx was determined as the amount of GSH oxidised by
RBC haemolysates, using Ellman’s reagent [22]. The
GSHPx substrate concentrations were: 1.43 mmol 1~

-BHP and 2.5 mmol 1~ ' GSH. After 10 min of incubation
at 37 °C, the reaction was stopped by the addition of cold
TCA to a final concentration of 4%. Before GSHPx
activity measurements, the Hb in haemolysates was con-
verted into CNmetHb by adding the excess of K3[Fe(CNg)]
and KCN.

All results are the mean £ S.D. of four to six replicates.

3. Results
3.1. Cell haemolysis

RBCs treated with different concentrations of hypo-
chlorous acid underwent morphological transformations
and sequential haemolysis, observed by monitoring the
cell suspension turbidity and the haemoglobin release
(Fig. 1).

The dependencies of integral light scattering intensity on
HOCI concentration at various incubation time showed
rapid changes of cell size and shape: cell shrinkage (an
increase of scattering intensity), followed by cell swelling
and haemolysis (a decrease of scattering intensity). The
extent of cell impairment depended on the HOCI concen-
tration and incubation time. As the time of cell contact with
oxidant increased, the cell transformations have been
observed at smaller concentrations of HOCI. Cell morpho-
logical transformations preceded haemoglobin release (Fig.
1, curves 3 and 5).

There are some differences in the parameters of the
processes of RBC destruction in the presence of HOCI
(the process was monitored immediately after oxidant addi-
tion) or after oxidant or its soluble product removal by cell

Light scattering/ a.u.
Haemoglobin released/ %

0,4 : ! : 0
0 0,5 1 1,5 2
NaOCl/ mmol I'!

Fig. 1. Lysis of human erythrocytes, induced by HOCI after various time of
incubation with oxidant: 2 (1), 15 (2), 30 (3, 5) and 120 min (4) at 22 °C.
Dependencies of integral light scattering intensity of erythrocyte suspension
(1-4) and of percent of haemoglobin release (5) on oxidant concentration.
RBC (10% haematocrit) were incubated with HOCI in PBS, pH 7.4.
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Fig. 2. Time courses of RBC destruction in the presence of 1 mmol I~
HOCI (1) or following oxidant removal after 1 (2) or 10 min (3) of cell
incubation with 1 mmol 1~ ' HOCI. PBS, pH 7,4; 22 °C.

washing through different time of exposure to HOCI (post-
haemolysis) (Figs. 2 and 3).

The description of the processes of cell destruction may
be linearized using the equation N=Noe™ ¥, where N, and
N are the concentrations of the undestroyed cells at the
initial moment of time 7, and the moment of time ¢,
respectively, and £ is the apparent rate constant of haemol-
ysis. In our experiments, the rate constant of post-haemol-
ysis was higher than that of haemolysis (without cell
washing) and, in the case of post-haemolysis, increased
as the time of cell treatment with oxidant increased from 1
to 10 min (Fig. 2).

The apparent rate constant of post-haemolysis depended
greatly on the haemolytic medium (Table 1). The rate of
post-haemolysis increased significantly in potassium-con-
taining medium due to the inhibition of the protective K-
leakage from damaged cells, and decreased considerably in
medium containing sucrose or mannitol, which could not
penetrate into the cell.

Fig. 3a shows the dependencies of the rate constant of
post-haemolysis on the temperature of cell pretreatment

Table 1
The apparent rate constants of post-haemolysis in different haemolytic
media

Haemolytic medium Apparent rate constant,

k% 10%/min~ !
150 mmol 1~ ! NaCl, 10 mmol 1! 1.28 +0.24
NaH,PO,, pH 7.4
150 mmol 1~ ' KCL, 10 mmol 1! 2.46+0.38
NaH,PO,, pH 7.4
300 mmol 1~ ! sucrose, 10 mmol 17! 0.15 + 0.06
NaH,POy,, pH 7.4
300 mmol 1~ ! mannitol, 10 mmol 1™ 0.15+0.06

NaH,PO,, pH 7.4

RBS (10% haematocrit) were treated with 1.0 mmol 1~ ' HOCI in PBS, pH
7.4, at 22 °C for 10 min, washed three times and placed in haemolytic
media.

with HOCI (post-haemolysis was measured at a constant
temperature of 22 °C). The rate constant significantly
decreased and the percent of cells haemolysed during treat-
ment with HOCI increased as the temperature of this
exposure increased (Fig. 3a).

From the temperature dependencies of the apparent rate
constants of haemolysis, we determined the activation
energy of the processes of erythrocyte lysis. The Arrhenius
plot showed discontinuity at 31-32 °C (Fig. 3b). The
activation energy of haemolysis was found to be 102 £+ 15
kJ/mol at the temperatures above the inflection point and
44 £ 5 kJ/mol at the temperatures below the inflection point.
The activation energy of post-haemolysis after oxidant
removal did not depend on the pretreatment temperature
and was 146 = 22 kJ/mol at the temperatures above the
inflection point and 20 £ 4 kJ/mol at lower temperatures
(Fig. 3b).

(a)
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o3l =
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. L 1108
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0 10 20 30 40 50
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(b)
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3
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Fig. 3. Effect of temperature on RBC lysis induced by 1 mmol 1~ ' HOCI.
(a) The apparent rate constant of post-haemolysis (1) and percent of
haemolysis (2) as the functions of temperature of cell treatment with HOCI.
The apparent rate constant of post-haemolysis was measured at a constant
temperature of 22 °C. (b) Arrhenius plots for the dependencies of the
apparent rate constants of post-haemolysis (1, 2) and haemolysis (in the
presence of HOCI) (3) on the temperature. Cell suspensions were pretreated
with HOCI for 10 min at 2 (1) and 22 °C (2) for measurements of post-
haemolysis.





1L.B. Zavodnik et al. / Bioelectrochemistry 58 (2002) 127-135 131

-
[«2)
1
i

50

-
ESN

—
- N

GSH/ mmol I'
o =]

()] [e]
packed cells

o
D

GSHPx/ umol GSH min™ mI”

o
N

o

1 1 1 20
0,5 1 1,5 2

NaOCl/ mmol I'!

o

Fig. 4. HOCl-mediated oxidation of intracellular reduced glutathione (1)
and modification of GSHPx enzymatic activity (2). RBC suspensions (10%
haematocrit in PBS, pH 7.4) were incubated with HOCI for 30 min and then
washed prior to measurements of GSH concentration and GSHPx activity.

3.2. Interaction of hypochlorous acid with RBC constituents

RBC incubation with HOCI resulted in oxidation of
intracellular reduced glutathione (Fig. 4, curve 1). In the
presence of an HOCI scavenger taurine, there was a pro-
tection of cellular GSH. Under a ratio of scavenger/oxidant
(1:1), we observed almost complete inhibition of intra-
cellular GSH oxidation (Fig. 5).

We have measured the activity of membrane enzyme
AChE in erythrocytes exposed to hypochlorous acid as a
marker of membrane modification. Lineweaver—Burk plots
for AChE activities in intact RBC (curve 1) and in RBC
treated with different concentrations of HOCI (curves 2
and 3) are shown in Fig. 6. AChE enzymatic parameters of

100 ° 1

GSH/ % of control

taurine/ mmol I

Fig. 5. Inhibition of HOCl-mediated oxidation of intracellular GSH by
taurine. Erythrocyte suspension (10% haematocrit in PBS, pH 7.4) was
preincubated with taurine for 20 min, then HOCI was added: (1) 0.5 mmol
1" ' NaOCI; (2) 1 mmol I~ ' NaOCI. RBC suspensions were incubated with
HOCI for 30 min and then washed prior to measurements of GSH
concentration.

in- tact RBC were determined: Michaelis—Menten constant
Kn=0.13 £ 0.02 mmol™ ' 1 and maximal reaction velocity
Vinax =27.9 + 3.8 pmol ATCh min~ ' ml™' packed cells.
HOCI treatment changes the AChE activity in a complex
way. For erythrocytes treated with 0.1 mmol 1~' HOCI
(after removal of oxidant excess), we observed enzyme
inhibition which may be described as of partially uncom-
petitive type (Fig. 6a, curve 2). At higher HOCI concen-
trations (0.5 mmol 17 '), pure uncompetitive type of
inhibition was revealed from Lineweaver—Burk plot (Fig.
6a, curve 3). Fig. 6b illustrates enzyme affinity for sub-
strate K, app and maximal enzyme velocity Viay app @S @
function of HOCI concentration (secondary plot of Line-
weaver—Burk plots representing 1/Viax app and 1/Ky, app)-
The dependence of 1/Viax app On the concentration of
inhibitor was not linear. The RBC treatment with the
oxidative agent diminished the Vyax app (a decrease of
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Fig. 6. HOCl-induced inhibition of RBC membrane acetylocholinesterase.
(a) Lineaweaver—Burk plot of reciprocal of the initial AChE velocity
versus reciprocal of the ATCh concentration: (1) intact cells; (2) cells
pretreated with 0.1 mmol 1~ ' HOCI; (3) cells pretreated with 0.5 mmol 1~
HOCI; (4) cells pretreated with 1.0 mmol 1~ ' NaNO, and 0.5 mmol 1~
HOCI. (b) Dependencies of reciprocal of the Michaelis—Menten constant
K., (1) and of reciprocal of maximal AChE velocity V.« (2) on the HOCI
concentration. AChE activity was measured after 30 min of cell incubation
with HOCI and subsequent washing.
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enzyme catalytic activity) and K, .pp (an increase of
substrate affinity), but not in a similar fashion.

Exposure of erythrocytes to HOCI led to activation of
intracellular enzyme GSHPx (Fig. 4, curve 2).

Thus, HOCI treatment of RBC led to oxidation of intra-
cellular glutathione and modification of cytoplasmic and
membrane enzymes. At the same time, we did not observe
any metHb formation even at high (2 mmol 1~ ') concen-
trations of HOCI which induced the high extent of cell lysis
(Fig. 7a, curve 1). No stable lipid peroxidation endproducts
were detectable using TBA assay at any HOCI concentra-
tions (up to 2 mmol 1~ ') (Fig. 7b, curve 1).

In our experiments, the level of mixed disulphides of
GSH with intracellular proteins, mainly Hb, was 82 + 19
nmol ml~ ' packed cells and did not increase after cell
exposure to HOCI (data not shown).

3.3. The reactions of hypochlorous acid with RBC in the
presence of other oxidants: nitrite and hydroperoxide

We also studied the combined action of hypochlorous
acid and some other oxidants (nitrite or hydroperoxide) on
RBC. As shown before, hypochlorous acid alone did not
induce any measured intracellular metHb formation (Fig.
7b). Organic hydroperoxide, BHP, effectively oxidized
intracellular oxyHb to the met form (Fig. 7a). In the
presence of hypochlorous acid, the rate of ~-BHP-induced
oxyHb oxidation slightly increased (Fig. 7a, curves 2-3).
t-BHP alone, in a concentration-dependent manner,
induced significant lipid peroxidation in RBC membrane
(Fig. 7b). The #BHP/HOCI mixture led to a stronger
accumulation of TBARS in cell membranes at 0.5 mmol
1" ' of ~BHP (Fig. 7b, curve 2). At higher hydroperoxide
concentrations, there was a slight decrease in the TBARS
level in the presence of HOCI (Fig. 7b, curve 3). The
apparent rate constant of RBC haemolysis induced by
HOCI treatment increased in the presence of different #-
BHP concentrations (Fig. 7c).

We have studied the effect of another agent, nitrite, on
the cell damage, induced by hypochlorous acid. The simul-
taneous action of nitrite and HOCI slightly increased the
percent of haemolysis in comparison to cells treated with
HOCI alone (Fig. 8a). As for oxidation of intracellular GSH,
we observed additive effect of HOCI and NO, (Fig. 8b).
Nitrite is known to be a metHb-forming agent (Fig. 8c,
curve 1). Combined treatment of RBCs with NO, and
HOCI resulted in a considerable increase of the rate of
metHb formation (Fig. 8c, curves 2 and 3). The apparent
rate constant of post-haemolysis increased in the case of cell
treatment with HOCI in the presence of nitrite (Fig. 8d,
curves 2 and 3). No haemolysis was observed after RBC
treatment by nitrite (Fig. 8d, curve 1) or +-BHP alone (data
not shown).

Modification of erythrocytes with NO, /HOCI mixture
led to efficient inhibition of AChE by a competitive mech-
anism in comparison to cell modification with HOCI alone
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Fig. 7. Effect of tert-butyl hydroperoxide on HOCl-induced RBC damage:
(a) metHb formation in the absence (1) and in the presence of 0.5 (2) and 1
mmol 17" ~BHP (3) (22 °C). (b) Membrane lipid peroxidation (TBARS
formation) in the absence (1) and in the presence of 0.5 (2) and 1 mmol 1™ !
t-BHP (3) (22 °C). (c) Rate constant of HOCIl-induced haemolysis as a
function of #~BHP concentration (I mmol 1~! HOCI, 28 °C). RBC
suspensions (10% haematocrit) in PBS, pH 7.4, were incubated with
different concentrations of #-BHP (20 min) and then HOCIl was added.
metHb and TBARS levels were measured after 30 min of cell incubation
with HOCI and subsequent washing.
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Fig. 8. Effect of nitrite on HOCIl-induced oxidative processes: percent haemolysis (a), intracellular GSH level (b), intracellular metHb level (c) and rate constant
of post-haemolysis (d) as the functions of NaNO, concentration in the absence (1) and in the presence of 0.5 (2) and 1 mmol I~ ' HOCI (3). RBC suspension
(10% haematocrit) was incubated with NaNO,/HOCI mixtures in PBS (pH 7.4) for 30 min at 22 °C. Then, the cells were washed and subject to measurements.

Nitrite was added immediately before HOCI.

(Fig. 6a, curve 4). Nitrite at these concentrations did not
inhibit AChE in our experiments.

4. Discussion

HOCI is an extremely toxic oxidant that can react with a
variety of cellular components [5—7]. It has been shown
earlier that HOCI caused red blood cell lysis, associated
with K'-leakage and cell swelling, membrane cross-linking,
lipid modification [7,8,11,12].

We have studied the membrane and intracellular events
in RBC treated with HOCIl. Our measurements of light
scattering of erythrocyte suspensions, incubated with differ-
ent concentrations of HOCI, revealed rapid and complex cell
morphological transformations: cell shrinkage and subse-
quent swelling, preceding erythrocyte lysis (Fig. 1).

Our observations, especially the effect of different media
on the course of haemolysis, indicate that the HOCl-induced
oxidative post-haemolysis is a colloidal-osmotic one. The
effects of potassium-, sucrose-, or mannitol-containing

media (Table 1) can be rationalised assuming that, like other
haemolytic agents, for example, y-irradiation [23], HOCI
induces formation of haemolytic pores in the membrane.
The HOCl-induced haemolysis is thought to occur due to
disturbance in passive ion permeability, which can be
counteracted by active transport processes.

The apparent rate constant of post-haemolysis, which is
proportional to the extent of cell damage, depended on the
temperature under which cells reacted with HOCI (Fig. 3).
In our experiments, the cell stability decreased with the
decrease of the temperature of cell treatment with HOCL.
The lower stability of cells treated with HOCI at lower
temperatures may by due to the lower initial level of
chloramines, which retain the oxidising equivalents of
HOCI, in the cells treated with HOCI at higher temperatures,
or due to the smaller potassium gradient across the cell
membrane, or due to a simple decrease of the number of the
less stable cells after erythrocyte treatment with HOCI and
following cell washing.

One can suggest the possible role of membrane protein
modification in erythrocyte membrane destruction. The
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formation of protein chloramines as initial products of
HOCI reaction with RBC membranes has been proposed
earlier [3,6,8,24]. The rate of decomposition of chlor-
amines, once generated on proteins upon treatment with
HOCI, increased at higher temperatures [6]. Semistable
protein-derived chloramines have been proposed to par-
ticipate in protein cross-links and fragmentation [6,24]
and undertake decarboxylation or deamination yielding
aldehyde residues [25]. These processes may cause the
erythrocyte membrane damage and pore formation.
Chlorination and oxidation of tyrosine and tryptophan
residues of proteins yielding chlorotyrosine and indolone
derivatives [25] also could be taken into account as
possible reactions of HOCl-induced RBC membrane mod-
ification. We have previously shown that RBC membrane
exposure to hypochlorous acid led to effective oxidation
of membrane protein thiol groups, tryptophan residues
and chloramines formation, as well as protein peptide
bond fragmentation [26]. These events precede cell lysis
[26].

The value of activation energy of the post-haemolysis
process (146 £ 20 kJ/mol) corresponds to that of protein
denaturation [27]. The value of free energy of the pure lipid
phase transitions is much lower (20—50 kJ/mol) [28]. The
break of the Arrhenius plot at 31-32 °C may reflect RBC
membrane transformations due to a phase transition of
membrane lipids [29].

Our findings show that the reaction of HOCI with RBC
is rapid and leads to irreversible changes in the cell. The
damage of a critical membrane protein or proteins by
HOCI may be the reason for cell haemolysis. However,
the involvement of the lipid phase modification (chlorohy-
drin formation) and changes of lipid bilayer arrangement in
the membrane haemolytic events cannot be omitted.
Recently Vissers at al. [12] have showed that non-reduci-
ble cross-links with most membrane proteins have been a
major result of cell exposure to both HOCl and HOBr and
have been closely correlated with haemolysis. At the same
time, we found that preliminary denaturation of RBC
membrane protein spectrin by heating (48 °C, 20 min)
did not change the cell stability (no alterations in the rate
of haemolysis, data not shown). Similarly, the anion
channel (Band 3 protein) blocker, diisothiocyanostilbene-
disulphonate (DIDS), had no effect on HOCl-mediated
lysis [8].

The oxidation of intracellular reduced glutathione, as well
as membrane thiols, occurred concurrently to cell haemolysis
and was not a reason for cell lysis [8,11]. We did not reveal
any oxyHb oxidation or additional lipid peroxidation at the
HOCI concentrations used, which is consistent with other
observations [11]. We observed that hypochlorous acid
induced modification of enzymatic activities of erythrocytes.
Low doses of HOCI were found to inhibit externally oriented
membrane-bound AChE (Fig. 6). It is known that changes of
AChE enzyme activity reflect erythrocyte membrane struc-
tural transformations (modifications of the membrane lipid

fluidity and surface charge) [30]. The AChE activity changes
may arise from two types of HOCI effects: direct enzyme
modification or disturbances in the complementarity
between the protein hydrophobic surface and the lipid
environment in the membrane. The mechanism of the
inhibition depended on the oxidant concentration used.
Probably, membrane (or enzyme) modification by oxidant
and membrane structural transitions yielded a non-produc-
tive modified enzyme-ATCh complex and prevented the
stage of acetylation of the catalytic centre with substrate to
form acetylated AChE, as it was shown, for example, in the
case of AChE uncompetitive inhibition with malathione
[31]. A stronger effect of NO, /HOCI mixture on the mem-
brane was revealed in terms of the membrane AChE inhib-
ition than for nitrite or HOCI alone (Fig. 6a, curve 4). It must
be stressed that, in our case, there was a non-reversible type
of AChE inhibition by HOCI treatment.

As it is shown in Figs. 7 and 8, the mixtures NO, /HOCI
or +-BHP/HOCI have stronger effects on the RBC compo-
nents in comparison to HOCI, ~-BHP or nitrite alone. Free
radicals generated as a result of reactions between the
inflammatory mediator HOCI and organic hydroperoxide
or nitrite may initiate new oxidative processes in the cell
[14,32—-34]. Organic hydroperoxides are always present in
biological membranes as a result of lipid peroxidation
processes. Endothelial cells, as well as phagocytes, generate
nitric oxide (NO) which is subsequently oxidized to NO,
[32,34]. Hypochlorous acid slightly increased the level of
metHb formed in RBC by #~-BHP treatment and promoted the
increase of lipid peroxidation products (at 0.5 mmol 17 '
BHP) (Fig. 7a,b). -BHP/HOCI mixture had a considerably
more pronounced haemolytic activity (Fig. 6¢) as compared
with HOCI alone. The effect of oxidant mixture depended on
the molar ratio of the oxidants.

It has previously been shown that only HOCI reactions
with organic hydroperoxides previously accumulated in
lipid systems led to reinitiation of lipid peroxidation
[34]. The fert-butoxyl radical, formed in the reaction of
HOCI and +~BHP [33], promoted effective accumulation of
TBARS (at a definite molar ratio -BHP/HOCI) (Fig. 7b,
curve 2) and participated in membrane impairments and
haemolysis (Fig. 7c).

It has been shown that the reaction between neutrophil-
derived HOCI and nitrite produces nitrating species such
as nitrogen dioxide (NO;), nitryl chloride (NO,Cl) and
nitronium ion (NO3) [14.34]. In our experiments, nitrite
only slightly increased the percent of HOCI-induced
haemolysis of RBC, but significantly promoted intracel-
lular oxyHb oxidation. Probably, intermediate species of
the reaction between NO, and HOCI effectively oxidized
intracellular oxyHb and damaged cell membrane (Fig.
8c,d).

In conclusion, HOCl-induced oxidation resulted in rapid
RBC morphological transformations and membrane struc-
tural transitions preceding haemolysis, intracellular gluta-
thione depletion and cell enzyme modifications. After a
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removal of the excess of HOCI, erythrocytes underwent
colloidal-osmotic haemolysis, similar to the postirradiation
haemolysis (after RBC +-irradiation) [24]. We assumed that
the main reason for HOCl-induced haemolysis is probably
membrane protein impairments. In the presence of other
oxidants, nitrite or -BHP, HOCI induce some new oxidative
reactions resulting in intracellular oxyHb oxidation or
membrane peroxidation.
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Abstract

The reversible cyclic voltammetry of pea plastocyanin (Pisum sativum) was studied with a wide range of electrodes: edge-oriented
pyrolytic graphite (PGE), glassy carbon (GCE), gold (Au) and platinum (Pt) electrodes. Plastocyanin was coated onto the electrode surface
by exploiting the electrostatic interaction between the negatively charged protein and a wide range of positively charged promoters. The
effect of the redox response with an extended range of promoters, including poly-L-lysine, polymyxin B, neomycin, tobramycin, geneticin,
spermine and spermidine, were included in this study. The resulting cyclic voltammograms reveal that the observed midpoint potential for
plastocyanin can be shifted significantly depending on the choice of promoter. The stability of the negatively charged plastocyanin—promoter
layer on an electrode was gauged by the rate of bulk diffusion of the protein from the immobilised film into the solution. Reversible cyclic
voltammograms were obtained using edge-oriented pyrolytic graphite (PGE) and glassy carbon electrodes (GCE) with all promoters;
however, platinum and gold electrodes were unable to sustain a defined redox response. The combination of pyrolytic graphite electrode/
poly-L-lysine/plastocyanin was found to be the most stable combination, with a redox response which remained well defined in solution for
more than 1 h at pH 7.0. The midpoint potentials obtained in this manner differed between the two graphite electrodes PGE and GCE using
poly-L-lysine as the promoter. This effect was in addition to the expected pH dependence of the midpoint potential for plastocyanin and the
results indicated that the pK, for plastocyanin on PGE was 4.94 compared to that on GCE of 4.66. It is concluded that both the electrode
material and the nature of the promoter can influence the position of the redox potentials for proteins measured in vitro.

This study extends the range of biogenic promoters used in combination with electrode materials. Thus, we can begin to develop a more
comprehensive understanding of electrode—protein interactions and draw conclusions as to metalloprotein function, in vivo. To support these
studies, we have sought information as to the nature of the electrode/promoter/protein interaction using scanning tunneling microscopy
(STM) to study both the promoter and the plastocyanin protein on a gold surface.
© 2002 Elsevier Science B.V. All rights reserved.

Keywords: Plastocyanin; Redox potential; Promoters; Cyclic voltammetry; Metalloproteins; Scanning tunneling microscopy

1. Introduction

Direct protein electrochemistry techniques have provided
valuable tools for the identification of redox signatures for
many metalloproteins [1—4]. Despite advances in the tech-
nical aspects of measuring low currents and baseline com-
pensation programs, many deficiencies remain in our

Abbreviations: MES, 2-(N-morpholino)ethanesulfonic acid; HEPES, N-
(2-hydroxyethyl)piperazine-N-(ethanesulfonic acid); TAPS, N-tris(hydrox-
ymethyl)methyl-3-aminopropanesulfonic acid; EGTA, ethylene glycol-
bis(B-aminoethyl ether)-N,N,N,N-tetraacetic acid; PGE, edge-oriented
pyrolytic graphite electrode; GCE, glassy carbon electrode.

" Corresponding author. Tel.: +61-8-8201-2465; fax: +61-8-8201-2905.

E-mail address: Lisa.Martin@Flinders.edu.au (L.L. Martin).

understanding of the respective influences of electrodes,
promoters and the proteins themselves on the redox
response. Detailed studies have been carried out for both
positively and negatively charged, low-molecular weight,
electron transfer metalloproteins, such as ferredoxins [2—6],
cyctochrome ¢ [4] and plastocyanin [7]. Convincing evi-
dence is presented that the choice of promoter used for these
experiments can significantly influence the thermodynamics
of the electron transfer reaction and, hence, affect the
measured reduction potentials [7,8]. For cytochrome bs,
both the promoter, poly-L-lysine or [Cr(NH;3)]*" and the
Mg>" ion concentration can produce shifts of the half-wave
potential by as much as 60 mV [9]. Similar studies with
plastocyanin have demonstrated that varying Mg®" ion
concentrations can shift the reduction potential, although

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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ionic strength effects were negligible [7,8]. These workers
[7,8] obtained well-defined responses with a pyrolytic
graphite electrode (edge-oriented), PGE, but not with a
glassy carbon electrode, GCE, under their experimental
conditions, although other studies [10] were able to elicit
a response using modified gold electrodes. However, to
date, no study of the electrode dependence has been carried
out, and furthermore, the range of promoters used has been
limited.

Plastocyanin is a member of the Blue Copper family of
electron transfer proteins. This mobile protein shuttles
between the bf~complex and Photosystem I (PSI), thereby
enabling the photosynthetic electron transfer process
between PSI and PSII to be efficiently achieved [11]. The
active site for plastocyanin contains a single “type-1~
copper ion, such that the oxidised Cu" can be reduced to
Cu', reversibly. Extensive structural [11], spectroscopic
[11,12] and reactivity studies [7,11,13,14] for plastocyanin
have provided a good understanding of the molecular
characteristics of this protein, thus making it an ideal
candidate for an in vitro examination of the factors that
could affect its redox response during photosynthesis.

Redox studies with plastocyanins isolated from higher
plants, such as spinach (Spinacea oleracea) and poplar
(Populus nigra), show unusually high reduction potentials
of 389 + 7 mV, whereas plastocyanin from blue-green algae
(Anabaena variabilis) are lower (318 £3 mV) [7,13,15]. In
addition, the redox response is influenced by pH [7,10,16—
18], surface charge [18,19] and Mg2+ concentration [7,17].
These studies confirm that a range of experimental factors
can influence the interfacial properties, hence, the reported
redox potential for plastocyanin.

Electrode modification is typically required in order to
observe reversible voltammetry of metalloproteins [1-3].
Thus, reliable electrochemical responses can be observed for
negatively charged electron transfer proteins, such as plas-
tocyanin, ferredoxins and cytochromes by using direct
promotion methods. In particular, reversible data can often
be obtained at pyrolytic graphite (edge oriented and basal
plane), glassy carbon, gold or platinum electrodes, in the
presence of “promoters” to co-adsorb the protein [2,3].
However, these electrochemical data are often reported
using only one type of promoter thereby precluding com-
parisons to other studies that employed different promoters
under similar conditions. Clearly, there is a need to system-
atically define the influence of common promoters and
electrodes in order to compare and correlate redox data
obtained in vivo with metalloproteins and enzymes. Fur-
thermore, the contribution that a particular promoter may
have on the electrochemical response is yet to be system-
atically explored.

Recent studies indicate that the method of promotion
along with shifts in protein peak potential correlate with the
promoter type and concentration [8]. Similar shifts are
expected for electrostatically immobilised systems where a
promoter/protein sample is prepared prior to being placed

into a buffered solution [5,6,8]. This mode of protein
attachment is through electrostatic attraction, which leads
to bulk diffusion of the sample away from the electrode at a
rate defined by the degree of attraction between the pro-
moter and the protein.

This present study reports the cyclic voltammetry
obtained for several promoters using monolayer films of
Pisum sativum plastocyanin on pyrolytic graphite, glassy
carbon, gold and platinum electrodes. It examines (i) their
ability to facilitate plastocyanin electron transfer and (ii) to
determine the extent of electrostatic interaction between the
promoter and the protein. Of particular interest here is the
polymerised form of the naturally occurring L-lysine (poly-
L-lysine), which has been used in other studies with con-
siderable success [8,20,21], although six other promoters are
also employed here. The influence of the electrode material
on the redox response (both current and midpoint potential)
is another variable we have addressed. The electrochemical
response is often dependant on the nature and surface
condition of the electrode, for instance, C—O functionalities
on the edge-oriented pyrolytic graphite electrode are often
exploited in the quest for a reversible response for positively
charged proteins. Finally, we have examined the interface
between the promoter, poly-L-lysine and the electrode by
scanning tunneling microscopy (STM). Although this tech-
nique was recently reviewed [22], we cannot find any other
study of plastocyanin using STM. We also believe that this
is the first comprehensive study of plastocyanin using these
four electrode materials and with such a wide range of
promoters.

2. Experimental
2.1. Source, isolation and purification

Plastocyanin was isolated from 21-day-old pea (P, sat-
ivum) leaves and purified as described elsewhere [23]. The
Ango/Asoy ratio for the experimental sample was 10:1 at the
calculated concentration 5x10~% M (597 was assumed to be
4500 M~ ' em ™).

2.2. Materials and instrumentation for electrochemical
experiments

All chemicals were reagent grade and used without
further purification. Poly-L-lysine (MW 150-300 kDa)
was purchased from Sigma as a 0.1% aqueous solution.
Milli-Q water was used both as a solvent and in all rinsing
steps. Aqueous solutions were buffered in the pH range
4.5—8.5 using a buffer mixture containing 5 mM of MES,
HEPES, TAPS and 0.1 mM EGTA. The pH was determined
using a calibrated Orion 290A pH meter. The solution
volume was 15 ml and the supporting electrolyte was 0.1
M NaCl (99%). The bulk solution was changed after each
fresh application of the promoter/protein to the electrode to
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avoid the influence of dissolved molecules during experi-
ments. Dissolved oxygen was removed by purging with
nitrogen through solutions for 10 min prior to the experi-
ment and a stream of nitrogen was maintained over the
solution during all experiments. Cyclic voltammograms
were recorded using a Bioanalytical Systems (BAS) Model
C3 Cell stand linked to a BAS Model 100B electrochemical
analyser, all measurements were made in triplicate, and data
were obtained at scan rates between 0.02 and 0.5 V s~ ! at
22 + 1 C. Voltametric data were obtained using (i) an edge-
oriented pyrolytic graphite electrode (radius 2.0 mm), (ii) a
glassy carbon electrode (radius 1.9 mm), (iii) a platinum
electrode (radius 1.2 mm) or (iv) a gold electrode (radius 1.2
mm). Electrodes were purchased from BAS except for the
PGE electrode, which was prepared according to published
methods [5,6]. Prior to each experiment, the electrode sur-
face was polished with alumina—water slurry (alumina
particle size 0.3 pum), washed with Milli-Q water and
sonicated for 1 min. The reference and counter electrodes
were Ag/AgCl (3 M NaCl) and platinum wire, respectively.
The reference electrode was calibrated against the
[Fe(CN)s]>~"*~ couple and was measured before and after
each experiment to check for potential drifting. The max-
imum variation noted was 5 mV and the experimental data
were adjusted accordingly. Midpoint potentials for reversi-
ble processes were calculated as the midpoint of the oxida-
tion (E,,) and reduction (£,.) peaks and peak separation and
reported as AE. All data are reported versus the normal
hydrogen electrode (NHE).

Two experimental methods were used to apply the
promoter and the protein to the electrode surface.

2.2.1. Method 1: dry—dry method (DDM)

A buffered solution at the required pH was placed into
the electrochemical cell and deoxygenated for 10 min. An
aqueous solution of the appropriate promoter (10 pl of 0.02
M) was placed on the working electrode and allowed to
evaporate with gentle warming. Plastocyanin (10 pl of a
5%107* M sample) was then applied and allowed to
evaporate slowly at room temperature. The electrode was
then placed in the buffered solution and voltametric scans
recorded immediately. Both the anodic and cathodic peak
currents were measured for all scans and the ratios found to
be ~1:1.

2.2.2. Method 2: dry—wet method (DWM)

This method differed only slightly from that described
above. Following the coating of the electrode with the
promoter, plastocyanin (10 ul of a 5x10™* M sample)
was immediately applied on to the working electrode. The
electrode was immediately placed into the buffer solution in
the electrochemical cell and cyclic voltammograms were
recorded. The protein coating was less stable on the elec-
trode using this method as assessed with Method 1 where
fewer scans were achieved due to rapid diffusion of the
immobilised plastocyanin into the buffer solution. Scan

direction was particularly relevant with this method as
diffusion of the protein into the solution invariably led to
a larger forward than reverse current. The currents reported
were obtained from the peak maxima during experiments
starting at 0 V and scanning anodically and returning to 0 V.
The anodic currents obtained by this method were consis-
tently higher than those of the corresponding cathodic
waves because of the poorly immobilised promoter noted
above.

Reproducible results were obtained using Method 1,
and data reported here were all obtained with this
method.

3. Scanning tunneling microscopy

STM images of samples were obtained in air with a
Digital Nanoscope II microscope using tungsten tips in
both height and current mode. Atomically flat gold
electrodes were prepared as previously described [24].
Images were obtained with current of <2 A and a tip bias
voltage of <1 V. Poly-L-lysine samples were prepared by
the addition of a 0.01% w/v aqueous solution to the gold
surface followed by evaporation. Protein samples were
prepared using Method 1 and buffer salts were removed
by gentle washing with water. Routinely, five different
areas on at least three different samples were examined
for reproducibility.

4. Results

4.1. Influence of electrode material on voltametric response
and midpoint potential

Reversible voltammograms with well-defined peak
shapes were observed for plastocyanin physisorbed at both
PGE and GCE electrodes using poly-L-lysine as a promoter.
No significant response was detected at either the gold or
platinum electrodes under similar conditions. Fig. 1 com-
pares these results for plastocyanin protein physisorbed onto
the poly-L-lysine promoter at all electrodes used in this
study: PGE, GCE, platinum and gold.

These data confirm the findings from other workers [8§]
that negatively charged proteins interact favorably with
poly-L-lysine at the PGE. In addition, we obtained a well-
defined, reversible redox couple for plastocyanin at GCE,
although a significant electrode dependence of the midpoint
potential was observed. The E,,,;4 value obtained at the PGE
was 15 mV more positive than that observed at the GCE.
Each experiment was repeated at least three times on
different occasions and the variation in response was less
than 4 mV. Although the midpoint potential varies with the
two carbon electrodes, the peak separation, AE remained
constant at 50—60 mV expected for a mixture of finite and
infinite diffusion [1].
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Fig. 1. Cyclic voltammetry of plastocyanin at PGE, GCE, gold and platinum electrodes promoted using poly-L-lysine. Scan rate was 200 mV/s.

4.2. Influence of promoter type on the peak potential

The variation of the midpoint potential with different
promoter types for the direct electrochemistry of metal-
loproteins has been noted by several workers [7,8].
Although to date no systematic study has been undertaken
to examine this effect with a wide range of potential
promoters, the present work re-examines some work from
earlier publications. We have comprehensively assessed this
effect for a wide range of positively charged promoters
where electrostatic attachment of plastocyanin to PGE
occurs. Fig. 2 illustrates these results for these promoters
which are all biogenic polyamines. For each promoter, a

well-defined reversible voltametric response was observed
with AE ~ 60 mV although, as indicated, significant shifts in
midpoint potentials were observed. The lowest value for the
midpoint potential was found for geneticin, with 395 + 4
mV, and the highest value of 406 =4 mV found for neo-
mycin (Table 1). An average for these values coincided with
that measured with poly-L-lysine, of 401 + 4 mV.

4.3. PGE/poly-1-lysine/plastocyanin combination
Reversible cyclic voltammograms were obtained for

plastocyanin with all promoters using Method 1. Using
Method 2, the protein film was less stable and the ratio of
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2
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o
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=
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a
T 390 -
=
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Fig. 2. The influence of promoter on midpoint potential using PGE. All values were obtained in triplicate and the midpoint potentials shown are the average

values, with a reproducibility of + 4 mV. Scan rate was 200 mV/s.
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Table 1
Influence of promoter on midpoint potentials, E,,;q, and peak separation,
AE, for plastocyanin on PGE

Promoter Midpoint potential, Peak separation,
Emia (mV) vs. NHE AE (mV)
Poly-L-lysine 401 49
Polymyxin 405 50
Spermine 396 55
Spermidine 398 54
Geneticin 395 56
Neomycin 406 50
Tobramycin 398 57

Scan rate was 200 mV/s.

peak currents (i,./ipc) Was always greater than 1 due to fast
dissolution of the protein into the buffer solution. The
combination of protein/promoter/electrode for plastocyanin

(@)

-30 -

L
o
1

was assessed for a PGE modified using poly-L-lysine
resulting in the well-defined voltammograms shown in
Fig. 3a. In addition, the observed peak potential was
independent of scan rate over the range 0.02—0.5 V s .
Furthermore, Fig. 3b shows that both anodic and cathodic
peak currents, #,, were linear when plotted against v!2 over
the same range of scan rates. Peak separations, AE, were all
between 50 and 60 mV.

This is an interesting result suggesting that plastocyanin is
immobilised at the electrode interface so that diffusion of
outer layers of weakly bound protein occurs at a consistent
rate and provides sufficient protein in the bulk solution to
effect the response expected for conventional diffusion
controlled electron transfer. The peak separations were con-
sistent with the combination of semi-infinite (mass transport)
and finite (immobilised) diffusion processes occurring.
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Fig. 3. Scan rate dependence of plastocyanin on (a) PGE using poly-L-lysine promoter. (b) The linear dependence of the peak currents for both forward and

reverse waves, AEp~ 60 mV.
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4.4. Stability of the poly-1-lysine/plastocyanin film at carbon
electrodes

The stability of the protein layer immobilised on pyro-
lytic and glassy carbon electrodes through electrostatic
attachment by poly-L-lysine is seen in Fig. 4a and b,
respectively. No voltametric response was observed with
the buffer solution containing only electrolyte. The voltam-
mograms in Fig. 4a show that the PGE/poly-L-lysine/plas-
tocyanin combination was significantly more stable than
GCE/poly-L-lysine/plastocyanin, with a peak shape consis-
tent with linear diffusion, well defined up to 1 h. The large
decrease in initial current was attributed to the excess
protein, not in direct contact with the promoter “washing
off” the electrode. This conclusion, rather than denaturation
of the protein, is supported by the sharp decrease in current
versus time followed by an insignificant change in current
over 10—60 min, resulting from the immobilised protein
layer (insets in Fig. 4a and b).

The stability of the protein/poly-L-lysine at the GCE (Fig.
4b) is much less than at the PGE (Fig. 4a). Presumably, the
pyrolytic graphite surface attracts the promoter less effec-
tively, and thus, the protein signal reduces to ca. a quarter of
the original intensity within the first few minutes and only a
poorly defined wave is evident after 10 min.

4.5. Influence of electrode material on the pH dependence of
Emid

In its oxidised form (Cu'"), the X-ray crystal structure of
plastocyanin is independent of pH [11]. However, the
reduction from Cu" to Cu' at low pH leads to a change in
stereochemistry due to the protonation of a histidine coor-
dinated to a copper ion at the active site [11]. Not surpris-
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ingly, this protonation equilibria for plastocyanin is reflected
in the redox response [7]. The influence of electrode
material on the pH dependence was investigated here, as
there is little quantitative data reported on this dependence
[2]. Fig. 5 illustrates the midpoint potential shift with pH for
the two carbon electrodes, PGE and GCE, which provided
strong redox responses in the presence of poly-L-lysine.
As noted earlier, the midpoint potentials obtained with
PGE are shifted anodically when compared to those
obtained at GCE. The pH dependence of E,;q for these
waves was determined over the range pH 4.0-8.5. The
data obtained for both electrodes show similar pH profiles,
and can be well reproduced by a square reaction scheme
where the reduced form of plastocyanin is protonated at
low pH [1,7]. The quality of fit of these data to
bs=E+(2.303RT/F)log(1+[H]/Ky) is illustrated in
Fig. 5 where the parameters of best fit for the reduced
plastocyanin are Kg=1.16x10"° and E!;=397 mV for
PGE and Ky=2.21x10"° and E/;,=380 mV for GCE.
The Ky values translate into pK, (=—logKy) values of
4.94 and 4.66, respectively. At the limiting alkaline poten-
tial, E}y, the difference in midpoint potential for the two
electrodes, PGE and GCE, is 15 mV, that is, a significant
difference between the redox potential for plastocyanin as
measured by the two electrodes: PGE and GCE.

4.6. STM of poly-r-lysine on atomically flat gold

Imaging of the “edge-oriented” pyrolytic graphite elec-
trode is difficult using scanning tunneling microscopy
(STM) due to its uneven surface structure. Although numer-
ous attempts were made to image poly-L-lysine on both
edge-oriented and basal planar pyrolytic graphite, all were
unsuccessful. However, good quality images were obtained

3.5 4.5 5.5

6.5 7.5 8.5 9.5
pH

Fig. 5. Midpoint potentials, E,;4, plotted against pH for PGE and GC electrodes and poly-L-lysine promoter. Scan rate was 200 mV/s. The data points are
experimental data and the solid line is a theoretical pH dependence curve-fit based on the Nernstian equation (see text).





144 D.L. Johnson et al. / Bioelectrochemistry 58 (2002) 137-147

Fig. 6. STM images of poly-L-lysine on flat gold. (a) The larger image was recorded at 1.0 x 1.0 um? while the same image has been magnified (b) to show a
closer perspective (200 X 200 nm?) of the poly-L-lysine.





D.L. Johnson et al. / Bioelectrochemistry 58 (2002) 137-147 145

1.00

0.75

0.50

0.25

20.0

10.0

nm

Fig. 7. STM images of plastocyanin on flat gold. The larger image (1.0 X 1.0 um?) shows isolated plastocyanin molecules as clusters of various sizes, as
indicated by the arrows. The smaller scale image (20 X 20 nm?) shows a single plastocyanin feature from a different sample. The ellipse highlights a small

isolated plastocyanin cluster.

using atomically flat gold. The STM samples were prepared
by the same procedure used to prepare the poly-L-lysine on
gold surfaces for electrochemical measurements. The best
images were obtained by washing the electrodes several
times in water to obtain effectively a monolayer of pro-
moter. Fig. 6 shows the STM images for atomically flat gold
and those coated with poly-L-lysine. The highly ordered
polymeric structure is readily observed revealing intra-pep-
tide interactions that create “secondary and tertiary” struc-
tures within the promoter film.

4.7. STM of plastocyanin on atomically flat gold

One difficulty in imaging the plastocyanin/poly-L-lysine
electrode combination was that the film thickness rapidly
increases following the protein attachment so that no tun-
neling current can be detected. It was therefore not possible
to obtain images of the protein orientation effects that we
had anticipated. However, despite this limitation we
obtained such good images of plastocyanin on a bare gold
surface that we could identify single protein molecules of
1-2 nm in diameter. Fig. 7 shows a typical image of
plastocyanin in which the protein solution was applied to
the gold followed by several washes in water, air drying and
imaging. These images were reproduced three times.

5. Discussion

Negatively charged metalloproteins, such as ferredoxins,
cytochromes and plastocyanin, have been electrostatically

immobilised to carbon electrodes and their electrochemistry
investigated [1—4]. The nature of the promoter has been
described as “‘non-innocent”, resulting in shifts of 30 mV in
some cases [7,8]. We included in this study seven different
promoters, with a wide range of functional groups, size and
overall charge. However, in this study (unlike others), we
only used promoters that were large and polymeric. These
promoters fall into two classes of biogenic amines: the
antibiotic aminoglycosides (neomycin, tobramycin and
geneticin) and the polyamines (poly-L-lysine, spermine,
spermidine and polymyxin). The amine functional groups
electrostatically bind the negatively charged oxides on the
freshly polished PGE. The highest and lowest E,;q value for
plastocyanin (Table 1) was found with the aminoglycosides,
suggesting that the promoter was not the only contribution
to the variation in E, ;4.

Carbon electrodes are suitable electrodes for achieving a
reversible response from plastocyanin in the presence of the
promoter poly-L-lysine and we obtained reversible voltam-
metry at both the PGE and GCE. This is not unexpected, as
carbon surfaces are well known to be suitable “soft materi-
als” for proteins and enzymes. Other workers [7,8] have
commented on the variation of E,;4 using different pro-
moters and with several metalloproteins; however, we
believe that this study is the first time that an electrode
dependence of midpoint potentials has been reported for
plastocyanin.

The influence of promoter on the midpoint potential is
shown in Fig. 2 for the PGE/promoter/plastocyanin combi-
nation. These data demonstrate that the selection of pro-
moter can influence the midpoint potential by 10 mV and
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that these data are reproducible within an error of 4 mV. It is
interesting to note that poly-L-lysine provides a value mid-
way within our range of promoters. Xiao et al. [8] have
reported up to 20 mV difference between poly-L-lysine and
hydrolysed chromium salts; however, this difference could
well be due to the much smaller hydrolysed units (mono-
and binuclear) formed by the chromium ions.

Of the two carbon electrodes used in this study, the edge-
orientated pyrolytic graphite electrode provided the greater
stability for poly-L-lysine/plastocyanin electrochemistry.
Unlike the GCE, the PGE has exposed, oxidised phenyl
groups that provide a good electrostatic attraction for the
promoters, and it is envisaged that the promoter exists in the
middle of an electrostatic “sandwich” comprising electrode
and protein. The effect on the stability of the protein on the
carbon electrodes is dramatic (see Fig. 4), with a sustained
response on the PGE for an hour compared with minutes
using the GCE. In contrast, the surface of the GCE differs in
the graphitic microstructure compared to the PGE, and the
density of carbon is much smaller [23].

The difference in midpoint potential for plastocyanin
obtained using PGE versus GCE with poly-L-lysine is 15
mV. The magnitude of this effect remained unchanged over
the pH range 4.0—8.5. The pH dependence of plastocyanin
reduction potential is well known, and our dependence of
E.iq with pH agrees with that obtained by others [11,15]. In
addition, the values for Ky and E,p agree well within an
order of magnitude of values determined by others [17,24].
The influence of the electrode material on the pH depend-
ence is unexpected because the midpoint potential at the
GCE should present values more positive due to the smaller
surface charge. However, the resulting pK, values deter-
mined at each electrode are only affected to a small extent,
although one half of a pH unit is not insignificant.

STM proved to be an invaluable tool for investigating the
protein—electrode interface. We prepared atomically flat
gold using vapour deposition as described elsewhere [25].
The flat gold surface contains a pattern due to the under-
lying structure of the mica-substrate onto which it prepared.
The poly-L-lysine promoter covers the gold surface (Fig. 6)
and the detailed structure can be imaged. The large scale
image is 1000 x 1000 nm?; the “brain-like” pattern is clearly
apparent. The smaller image at 200 x 200 nm? reveals the
intramolecular interactions within the poly-L-lysine polymer
and the formation of some secondary and tertiary structure
appears. Presumably, the intramolecular interactions result
in the high density of charged amino moieties exposed at the
surface resulting in this folding pattern and these units
function as binding sites for the plastocyanin protein.
Images of the plastocyanin directly on gold surfaces (Fig.
7) show the adsorbed plastocyanin molecules aggregate as
various sized clusters ca. 14 nm (as indicated by the arrows).
However, close examination of some of these smaller
clusters (Fig. 7b) shows an isolated feature (circled) of the
dimensions we would expect for a single or perhaps two
plastocyanin molecules, that is, 2—4 nm in diameter. X-ray

structure determinations of poplar plastocyanin [11] indi-
cated that a single molecule has overall dimensions of
4.0%x3.2x2.8 nm’. We are further investigating the pro-
moter/protein interactions using atomic force microscopy
(AFM) where the surface imaging does not rely on con-
duction of electrons (as for STM), and hence, imaging the
thicker layers is possible.

In summary, the reversible electrochemistry of plasto-
cyanin was achieved using both PGE and GCE in the
presence of promoters. The nature of the promoter proved
to be significant because the midpoint potential obtained
varied depending on the promoter selected. The most stable
response for plastocyanin was obtained using the combina-
tion of PGE/poly-L-lysine as the electrode and promoter.
Using this combination, well-defined electrochemical data
could be obtained for up to an hour. The type of electrode
material used to measure the midpoint potentials could
produce shifts in the potentials by up to 15 mV, but this
was invariant over a range of pH. This electrode dependence
of the redox process was also reflected in the derived pK,
values by almost one half of an order of magnitude. More
work is clearly needed to explore these effects and influen-
ces on the electrode potentials determined for metallopro-
teins by direct electrochemistry; however, our results
suggest caution should be applied in the interpretation of
these data without detailed exploration of the electrochem-
ical responses. The surface structure detailed by STM has
provided insights into the promoter structure and further
work will be valuable to understand electrochemical
responses for proteins immobilised on these surfaces.
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Abstract

Six different compounds capable of mediating laccase-catalysed reactions have been tested by cyclic voltammetry. They exhibited quasi-
reversible electrodic behaviour with formal redox potentials ranging from 150 to 800 mV (E” vs. SCE). The immersion of a laccase-coated
glassy carbon electrode (GCE) in mediator solutions generated large cathodic catalytic currents easily recorded by cyclic voltammetry at low-
potential scan rates. This current showed two well-defined pH profiles, which correlated with the variation of the mediator redox potentials at
the pH range tested. The relevant effect of temperature on the activity of laccase has been assessed here. Likewise, it was shown that the
current record varied with the substrate concentration. This trend fitted Michaelis—Menten kinetics, which allowed us to give an estimation of

the affinity of the fungal laccase for the different mediators.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

During the past decades, oxidoreductases enzymes have
attracted the efforts of many research groups in the environ-
mental and biotechnological field because of their great
potential to remove pollutants and catalyse a great variety of
redox processes with no hazardous side effects.

Laccase (EC 1.10.3.2) is the generic name given to a
family of multicopper oxidases that are able to oxidise many
different substrates with the concomitant reduction of dioxy-
gen to water. The laccase molecule is a dimeric or tetrameric
glycoprotein usually containing four copper atoms per
monomer distributed in three redox sites (one in each T1
and T2 sites, and two in T3 site). It is assumed that laccase
catalysis firstly involves T1 Cu reduction by the substrate,
followed by internal electron transfer from T1 Cu to T2 and
T3 Cu and, finally, dioxygen reduction at T2 and T3 sites
[1].

Although these enzymes exhibit a specific affinity for
oxygen as their electron acceptor, their specificity towards
their reducing substrates is rather low [2]. Laccases catalyse
the removal of a hydrogen atom from the hydroxyl group of
ortho- and para-substituted mono- and polyphenolic sub-

" Corresponding author. Tel.: +351-53-510280; fax: +351-253-510293.
E-mail address: artur@det.uminho.pt (A. Cavaco-Paulo).

strates and from aromatic amines by one electron abstraction
to form free radicals capable of undergoing further laccase-
catalysed oxidation or non-enzymatic reactions such as
hydration of polymerisation [3].

The capability of laccase to degrade chromophore sub-
strates such as triarylmethane, indigoid, azo, and anthraqui-
nonic dyes suggests a potential application of the enzyme in
textile dye bleaching processes [4,5]. However, these pro-
cesses have been hindered due to unfavourable kinetics
between the enzyme and the dye. The use of small mole-
cules capable to act as electron transfer mediators between
the enzyme and the dye has been regarded as a feasible
solution to this important drawback [6].

Laccase-mediated systems (LMS) have been applied to
many other processes, which include pulp delignification
[7—10], oxidation of organic pollutants [11] and the devel-
opment of biosensors [12—14] or biofuel cells [15]. Several
organic and inorganic compounds have been reported as
effective mediators for the above purposes. These include
thiol and phenol aromatic derivatives, N-hydroxy com-
pounds and ferrocyanide, respectively.

When mediators are incorporated in laccase-assisted
processes, the electron transfer from the mediator to the
enzyme is followed by electron donations from the target
molecule to oxidised mediator, which give rise to the
regeneration of the mediator [6,16,17]. In this context, not
only laccase substrates but also other compounds capable of

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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undergoing indirect catalytic oxidation reactions can be
treated with LMS.

It has been reported that the feasibility of these molecules
as effective electron donors is governed by the redox
potential difference between the laccase and mediator,
which strongly depends on the pH at which the reaction
takes place. For substrates whose oxidation does not involve
proton exchange, the laccase activity decreases as the pH
increases, whereas for those mediators whose oxidation
involves proton exchange, the pH activity profile depends
on the type of laccase rather than substrate [18—20]. But the
catalytic activity of the enzyme has also been regarded to be
strongly dependent upon the interaction between a specific
laccase and the mediator [9,21].

Studies done on the effectiveness of these molecules in
laccase-assisted reactions involved the spectrophotometric
detection of their corresponding oxidation species at an
appropriate wavelength or the measurement of the oxygen
consumption in air-saturated solutions with an O, electrode
[7,9,11,18—-21]. However, few studies have been done
based on the use of voltammetric detection systems. Mon-
itoring of mediated laccase interactions can be easily carried
out by recording the redox processes that mediators
undergo. Electrochemical techniques can be used with a
variety of samples, i.e. turbid and coloured samples, in batch
or flow processes with a relatively simple and easy to use
instrumentation.

Xu et al. [19] carried out voltammetric studies to eluci-
date the redox chemistry of various N-hydroxy compounds
used as laccase substrates or different redox couples applied
for the estimation of the redox potential at the T1 site of
several laccases [21]. Likewise, Bourbonnais et al. [8]
carried out a thorough voltammetric study of the redox
chemistry of two different laccase mediators and their
interaction with lignin model compounds, in which a glassy
carbon electrode (GCE) simulates the laccase activity
towards both electron donors. Voltammetric studies of a
truncated laccase were also accomplished and the rate of
heterogeneous electron transfer between the enzyme and the
working electrode was calculated [22]. In addition, the
laccase reduction of dioxygen to water in the presence of
different redox mediators has been studied in other voltam-
metric applications such as biofuel cells [15] and biosensors
[12-14].

The aim of this work was to study the interaction of a
Trametes villosa laccase with six different commercially
available mediators by means of cyclic voltammetry. These
were the organic compounds ABTS, syringaldazine, aceto-
syringone, promazine, hydroquinone and the inorganic
compound ferrocyanide. All of them were chosen due to
the suitable electrodic behaviour that they showed at differ-
ent potentials, which are within a wide potential window. A
comparative investigation of the effect of experimental
parameters, such as pH and temperature, as well as an
estimation of Michaelis—Menten kinetic parameters may
help us elucidate the suitable experimental conditions for

an effective catalysis of the different enzyme-mediator
systems proposed.

2. Materials and methods
2.1. Chemicals

Fungal laccase (benzenediol/oxygen oxidoreductase:
EC 1.10.3.2) from T. villosa (Polyporus pinsitus) (NS
51002, PpL, 9 mg/ml) was kindly supplied by Novo
Nordisk (Denmark) and stored at 4 °C. This was used as
received without doing any previous dilution. 2,2’-Azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), 3',5'-
dimethoxy-4'-hydroxyacetophenone (acetosyringone),
10-[3-(dimethylamino)propyl]-phenothiazine (promazine),
4-hydroxy-3,5-dimethoxybenzaldehyde azine (syringalda-
zine), 1,4-benzenediol (hydroquinone), potassium ferrocya-
nide were from Sigma (Spain) and used as received. All other
chemicals were of reagent grade. Solutions of the different
mediators were prepared in either 0.1 M acetate buffer pH 5
or Britton—Robinson buffer of different pHs immediately
before use. Syringaldazine exhibit low solubility in aqueous
solutions so that it was dissolved in a buffer—ethanol mixture
prepared in a proportion 1:1 (v/v) and its pH adjusted with
sodium hydroxide.

2.2. Cyclic voltammetry

Cyclic voltammetric experiments were performed with a
Voltalab 40 PGZ301 potentiostat (Radiometer Analytical,
France) and controlled by Voltamaster 4 software, version
2.1. All measurements were carried out in a 50-ml thermo-
stated cell, model BEC/EDI, with a conventional three-
electrode configuration. A working glassy carbon electrode
(GCE), with a surface diameter of 3 mm, was used together
with a platinum wire counter electrode and a saturated
calomel reference electrode (SCE). The whole system was
purchased from Radiometer. Before each experiment, the
surface of the glassy carbon electrode was polished on a
diamond-polishing pad followed by a thorough washing
step with distilled water.

2.3. Measurement procedures

Voltammetric responses were recorded in 40 ml of
substrate solutions of concentration varying from 0.2 to 1
mM, prepared in acetate buffer pH 5. Potential was scanned
from — 200 to 1000 mV vs. SCE, after holding the electro-
chemical system at the initial potential for 10 s. The GCE
was always thoroughly rinsed with distilled water and
polished after every single experiment.

The protocol followed for the recording of the catalytic
current generated by the enzyme oxidation of the different
substrates was as follows. A 5-ul sample of the enzyme
solution was dropped onto the polished surface of the
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working electrode and allowed to dry for 15 min at room
temperature. Next, the electrode was dipped in the electro-
chemical cell containing 0.2 mM substrate solution prepared
with 0.1 M acetate buffer pH 5, unless otherwise stated.
After holding the system at the initial potential for 10 s,
voltammograms were recorded by scanning the potential in
the cathodic direction in a window where the substrate
underwent a redox process, at a scan rate of 5 mV/s.
Voltammograms in the absence of laccase were recorded
in the same way. Catalytic currents were estimated as the
difference between both currents. Single experiments were
always carried out, which involved performing a cleaning
step (rinse in diluted NaOH solution and distilled water),
followed by a polishing and new enzyme coating of the
working electrode for each experiment. The substrate sol-
ution was also discharged after one measurement and 40 ml
of a fresh substrate solution were added to the electro-
chemical cell. All these experiments were done at room
temperature.

Following the same protocol as described above, the
dependence of the substrate formal potential, determined as
the mean value of the anodic and cathodic peak potentials
(E”) and the catalytic current on pH was studied. Substrate
solutions (0.2 mM) were prepared in B-R buffers in a pH
range 2—8.

The influence of temperature on the catalytic current was
studied by varying the temperature of the thermostated
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electrochemical cell between 30 and 60 °C. Substrate
solutions (0.2 mM) were prepared in B-R buffers at opti-
mised pH values.

The study of the dependence of the substrate concen-
tration on the catalytic current was carried out for the
estimation of kinetic parameters. Cyclic voltammograms
were recorded in substrate solutions of different concen-
tration ranged between 0.02 and 1 mM under previously
optimised experimental conditions. Data fitted to the fol-
lowing adaptation of the Michaelis—Menten equation [23]:

_ _Ima[S]
- S (1)

[S] is the bulk concentration of the mediator, I and /.., the
catalytic current and maximum catalytic current, respec-
tively, and K¥P, the apparent Michaelis—Menten constant. [
max and KPP were calculated from Hanes—Woolf linearisa-
tion of the above equation.

3. Results
3.1. Cyclic voltammetry of mediators

All the substrates tested have been shown previously to
be effective electron donors in the laccase-catalysed reduc-
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tion of dioxygen to water [6—8,10,15—17]. The feasibility
of the voltammetric detection of their interaction with this
enzyme implies the following assessments. (a) Each medi-
ator undergoes redox reactions, at the working electrode
which give rise to either quasi-reversible or reversible
electrodic processes within a suitable potential window.
This correlates with the fact that, (b) both oxidised and
reduced species of the corresponding redox pair should be
stable chemically and do not inhibit the enzymatic reaction.
The electrochemistry of these molecules was tested at the
GCE. Resulting voltammograms are shown in Fig. 1. All the
mediators generate well-shaped almost reversible or quasi-
reversible signals with peak potential separation values
(AE,) between 75 and 245 mV and formal potentials (E”)
between 150 and 800 mV (vs. SCE). Chemical stability of
the different redox species generated in the corresponding
electrodic processes is confirmed by the anodic to cathodic
peak ratio (ipa/inc), Which approaches to 1 in all cases.
Voltammograms of ABTS were recorded at two different
scan rates, following the study previously reported by
Bourbonnais et al. [8]. At a scan rate of 250 mV/s,
two anodic and two cathodic peaks were recorded, which
correspond to the oxidation/reduction of ABTS/ABTS *(Ia/
Ic) and ABTS “/ABTS> " (Ila/llc) redox pairs (E” are 444
and 873 vs. SCE, respectively). At a scan rate of 50 mV/s,
only one cathodic process was observed, which shows

significant higher peak current than its anodic counterpart.
As reported previously, this behaviour is related to the
comproportionation reaction between ABTS and ABTS? "
to give the cation radical ABTS™, which leads to the
disappearance of the cathodic process due to the reduction
of ABTS? *. This reaction is not favoured at high scan rates.
The cation radical did not undergo any couple chemical
reaction, as it was verified by the recording of slow scan
voltammograms in a potential window where the second
anodic process (Ila) takes place. Thus, similar reversible
processes (Ia/lc) to that shown at a high scan rate were
observed, with anodic to cathodic current ratios around 1 in
all cases.

Voltammograms of syringaldazine show a nearly rever-
sible process (Ia/Ic) with a E” of 270 mV (vs. SCE) and a
second anodic peak at a potential of +0.8 V (vs. SCE). Peak
currents of the reversible process recorded in the full
potential window almost did not differ from those obtained
when the scan was done in a window where only the
reversible process was observed, which demonstrated the
independent nature of both processes.

Acetosyringone underwent two oxidation processes
at potentials around +0.6 (Ia) and +0.8 V vs. SCE (Ila).
When the potential sweep was done from 0 to +1.0 V, a
well-defined reduction process was observed at around + 0.2
V vs. SCE (Ilc). However, a second cathodic peak was
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recorded when the scan was reversed at +0.6 V (Ic), which
forms a reversible redox pair with peak Ia (E” =560 mV vs.
SCE). Multiple cyclic scans done in the full potential
window showed a third anodic process at around +0.3 V
(vs. SCE), which form a second reversible signal with peak
IIc (data not shown). Currents of both peaks of this
reversible signal were higher as the number of cycles
increased, while currents of Ia and Ila were lower. This
was not observed when multiple scans were applied in a
potential window up to +0.6 V, which suggests that this
phenomenon is related to a polymerisation process of the
resulting oxidised species formed in process Ila.
Voltammetric signals of promazine, hydroquinone and
ferrocyanide show single quasi-reversible processes (Ia/Ic)
recorded at the GCE, with £ of 540, 170 and 165 mV (vs.
SCE) and AE,, values of 105, 240 and 120 mV, respectively.

3.2. Voltammetric detection of laccase-catalysed oxidation
of mediators

Enzyme-mediated reactions were carried out in substrate
solutions at oxygen non-saturating conditions. The affinity
of laccase for oxygen is high, with a binding constant
between 0.01 and 0.02 mM [14,24]. Since it was reported
that the oxygen concentration in water at air and at room
temperature is about 0.26 mM [14], all the active sites of the
enzyme are saturated with oxygen in water solutions. There-
fore, the catalytic current measured only depends on the
mediator concentration. In the same context, oxygen content
in the reaction medium was kept constant by means of using
fresh substrate aliquots for each experiment.

As described in the experimental section, laccase was
directly adsorbed on the surface of the GCE. This resulted in
a weak immobilisation of the enzyme. The recording of
lower peak currents to those obtained in the previous scans
when multicycle scans were performed with the same
electrode proved a slow detachment of the immobilised
enzyme. However, electrodes modified in this way were
suitable for carrying out single measurements in a reprodu-
cible manner. This involved the replacement of the electrode
coating after one experiment.

Slow-scan voltammograms recorded in 0.2 mM substrate
solutions pH 5 with both bare and laccase-coated GCEs are
shown in Fig. 2. A significant change in the shape of the
corresponding signals of each mediator was observed. All of
them are characterised by the disappearance of the anodic
process due to the catalytic but no electrodic oxidation of
the mediator, and a significant enlargement of the cathodic
process related to the reduction of the oxidised form of the
mediator generated by the enzymatic reaction. The shape of
these voltammograms is typical of catalytic redox processes
taking place at the electrode solution interface, which has
been widely described in the literature. Steady-stated values
of the cathodic current were always observed except for
ferrocyanide. Further studies explained below also showed
the typical sigmoidal shape for this substrate at other pH

values. Laccase activity was not observed at potential values
of the second reversible oxidation of ABTS corresponding
to ABTS "/ABTS?" redox pair. It was previously reported
that this catalytic process can take place but it is too slow to
be detected by cyclic voltammetry [8].

Fig. 3A shows the pH profiles of the catalytic currents of
these mediators. Two different trends are clearly observed.
ABTS and ferrocyanide currents decreased as the pH of the
solution increased, while currents recorded with hydroqui-
none, promazine and syringaldazine, acetosyringone
exhibited a maximum value at pH intervals of 3—5 and
5-6, respectively. At pH values above 6, the activity of the
enzyme towards all substrates seemed to decay rapidly,
these being negligible at pH 8. A correlation between these
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Fig. 3. (A) Dependence of the catalytic current on pH. (B) Formal redox
potential of mediators as a function of pH. Absolute values of catalytic
current were plotted. Experimental conditions are given in text.
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profiles and the influence of pH on E” of the different
mediators (Fig. 3B) is likely to exist, except for promazine.
The E” of ABTS, ferrocyanide and promazine remain
constant in the pH range studied, whereas the potentials of
the other mediators shift to more negative values as the
pH increases. This variation is linear and fits to the follow-
ing equations. Acetosyringone: E”=—54.6pH +841.8.
Syringaldazine: EY =—62.1pH+652.2. Hydroquinone:
E” =—58.5pH +446.0. The values of the negative slopes
are near the Nernstian value of 59 mV/pH unit, which
indicate that their redox processes involve the same number
of protons as electrons.

As it is perfectly known the activity of laccases is
strongly dependent on the temperature (7). It has been
previously reported that this influence is significantly differ-
ent for laccases of different origin [21]. Here, we studied the
variation of the catalytic current with 7 with the six
mediators, and profiles are shown in Fig. 4. It was found
out that the optimum 7 for a maximum activity of the T
villosa laccase used in this work should be between 40 and
50 °C. However, when this study was performed with
ferrocyanide and hydroquinone, a decrease in the current
measured was observed as the 7 increased. This behaviour is
likely to be related to the lack of thermal stability of their
corresponding solutions.

The oxidation of these molecules catalysed by this fungal
laccase exhibited typical Michaelis—Menten kinetics in
terms of the mediator concentration. Kinetic parameters
were estimated from the data obtained by monitoring the
influence of the mediator concentration on the catalytic
current at optimum experimental conditions. These data
was further fitted to a linear graph by means of the
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Table 1

Estimated kinetic parameters for each laccase mediator

Substrate Lnax” KPP [/ KPP r n

(A cm~™?)  (mM) (MA cm~ >/mM)

ABTS 7.07 0.13 54.38 0.9994 6
Syringaldazine 9.85 0.21 46.90 09976 5
HQ 9.02 0.24 37.58 0.9920 4
Promazine 2.72 0.28 9.71 0.9990 4
Ferrocyanide 16.18 0.37 43.73 0.9945 4
Acetosyringone 2.70 0.11 24.50 09955 4

Experimental conditions of pH and 7 for each reaction were those
previously optimised.
? Absolute values of maximum catalytic currents.

Hanes—Woolf equation (see experimental section). Results
are shown in Table 1. The I, /K,™" ratio allows the
estimation of the affinity of the enzyme for each molecule.
Higher values would indicate a better effectiveness of the
laccase-mediated reduction of oxygen to water. In this
context, ABTS appears to be the best mediator among those
studied, whereas promazine showed a poor interaction with
this laccase enzyme.

4. Discussion

From a thermodynamic point of view, useful electron
donors in laccase-catalysed reactions should have a reduc-
tion potential between that of oxygen and the reduction
potential of the type I copper of the laccase. Therefore, the
fungal laccase used in this work is likely to show a T1 site
redox potential higher than 560 mV (vs. SCE) which is the
formal potential of acetosyringone. From the voltammo-
grams in Fig. 1, it can be affirmed that the different
electrochemical states of these mediators are stable and
show nearly reversible electrodic behaviour, which makes
them useful for the voltammetric monitoring of laccase-
mediated reactions. The stability of the different redox
species of a laccase mediator is very important when LMS
are applied to different industrial processes since, as it was
described in the Introduction, it is known that the actual
oxidant of the target molecule is the oxidised form of the
mediator, but not the enzyme itself.

The interaction between the different mediators and the
enzyme was easily monitored by recording slow-scan vol-
tammograms as those depicted in Fig. 2. This takes place in
two steps: (a) a catalytic chemical step where the enzyme
oxidises the mediator and (b) an electrodic step that involves
the reduction and regeneration of the oxidised mediator. If
higher scan rates were applied, an oxidation peak was
observed, which is likely to be related to the electrodic
oxidation of the remaining substrate not previously oxidised
by the enzyme within the time scale imposed by the
potential scan. ABTS oxidation by a laccase [8] and
bilirubin oxidase [25] has been previously monitored by
cyclic voltammetry in solutions containing both the medi-
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ator and the enzyme. Results were comparable to those
reported in this work. Although the rest of molecules have
shown to be effective mediators with laccase, to our knowl-
edge, no other studies have dealt with the use of voltam-
metric techniques for the monitoring of these reactions.

It is shown that these interactions strongly depend on the
pH of the solution where they take place. The pH profiles
observed for ABTS, ferrocyanide, syringaldazine and ace-
tosyringone are in agreement with those previously reported
with this laccase [20]. As it was pointed out above, the
redox chemistry of these mediators plays an important role
in their interaction with the enzyme. For those whose
oxidation does not involve proton exchange (ABTS, ferro-
cyanide and promazine), the pH profile exhibits a negative
slope as the pH increases. Nevertheless, if proton exchange
takes place in this reaction (syringaldazine, acetosyringone
and hydroquinone), the pH profile shows a maximum in the
pH range studied. For hydroquinone, this maximum appears
to be at more acidic pHs than that for the other two
mediators.

Apart from the significant change in the catalytic current,
differences in the shape of the electrodic responses were
also observed. This fact was dramatic in the case of
ferrocyanide. At pHs lower than 4, the faradaic current
reached a steady-state value, corresponding to an equili-
brium state between the enzyme-mediator and reduced
mediator-electrode charge transfers, similar to those shown
in Fig. 2 with other compounds. As the pH increases, a
change in the slope of the recorded curve was observed and
the shape appeared to be the one presented in the above-
referred figure. It was reported that cyanide inhibits the
activity of this enzyme [15] by irreversible coordination to
the copper sites of laccase. This fact could contribute in
different extent as the pH increases, which would lead to
this unexpected voltammetric behaviour.

The variation of the laccase activity with pH, showed in
terms of the change of the catalytic current measured, would
be affected by different factors depending on the mediator
used. Thorough studies previously reported by Xu et al.
[1,9,18—20] evidenced a clear relationship between the
enzyme activity and the potential difference between its
active T1 site and the formal potential of the mediator
(AE*). Moreover, the OH ™ contribution to this activity
profile should be taken into consideration. Results shown in
this work corroborate this statement. It has been reported
that the redox potential of the T1 site of this enzyme is
almost independent on pH [20]. Thus, for ABTS and
ferrocyanide, AE* keeps constant at different pH values
and consequently, the first factor is not relevant. However,
the OH ™ inhibition of the internal electron transfer between
the T1 and T2 sites of laccase provokes the recording of
lower catalytic currents at higher pH values. Promazine,
whose oxidation does not also imply proton release either,
exhibited a different behaviour. The catalytic current
remained nearly constant in a pH range of 3—-5.5, with a
decreasing at both lower and higher pHs out of this interval.

The catalytic process with this mediator is probably not
affected in great extent by the pH of the solution at which it
takes place. Moreover, if it is taken into account that the
currents recorded are quite low, it can be suggested that the
affinity of this laccase towards promazine is not very
significant and could be the cause of this unexpected pH
profile. The AE* value for hydroquinone, acetosyringone
and syringaldazine will be higher as the pH increases. Thus,
this factor played a major contribution to the catalytic
current measured in acidic solutions. At near neutral and
alkaline pHs, the OH ~ inhibition is important, both factors
giving rise to these bell-shaped profiles.

On the other hand, the kinetics of mediated laccase-
catalysed reactions is firstly affected by the affinity between
the enzyme and the mediator. An estimation of this influ-
ence can be done by voltammetric measurements in terms of
Lax/ KPP ratio. These parameters are often calculated in the
design of enzymatic sensors to evaluate the sensitivity of the
system proposed, which is related to the low or high affinity
of an enzyme towards a specific substrate [23,26]. Lower
KPP values at similar catalytic currents involved higher
effectiveness of the enzyme at lower mediator concentra-
tions. Based on these facts, ABTS would be chosen as the
most suitable substrate for the 7. villosa laccase used in this
work for future applications (Table 1). However, as it was
pointed out elsewhere [9], the same order of effectiveness
observed here could be completely different for other fungal
laccases, which should be calculated empirically.

Finally, we would like to remark that many practical
applications of laccases in industrial processes should
involve the immobilisation of these enzymes on different
supports. The use of macro-clectrodes inserted in flow
electrochemical macro-cells might be very adequate sup-
ports for these treatments, since they would allow the online
monitoring of the activity of this enzyme in a very easy
manner and with a relatively simple and cheap instrumen-
tation. This work would involve thorough studies of meth-
odologies of immobilisation, estimation of activities of
immobilised laccases on electrode supports of different
materials, as well as the design of suitable flow electro-
chemical cells.
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Abstract

The hyperproduction of hypochlorous acid (HOCI), an extremely toxic biological oxidant generated by neutrophils and monocytes, is
involved in the pathogenesis of many diseases. In these studies, we attempted to determine the membrane and cellular events associated with
HOCl-induced erythrocyte impairment and haemolysis. In vitro human erythrocyte exposure to HOCI (0.1-1.0 mM) resulted in rapid
oxidation of reduced glutathione, an increase in cell osmotic fragility and the formation of transient membrane pores. The process of
glutathione oxidation depended on the [oxidant]/[cell number] ratio. The HOCl-induced haemolysis observed was apparently mediated by
pore formation and altered membrane electrolyte permeability. The estimated pore radius was approximately 0.7 nm and the average number
per cell was 0.01. The rate constant of HOCl-produced haemolysis depended on pH. There were significant differences in haemolysis of
HOCI-treated erythrocytes which had maximal stability at pH 7.2—7.3.

© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The respiratory burst of stimulated neutrophils and
monocytes, cells present under inflammatory conditions,
produces substantial amounts of hypochlorous acid (HOCI).
The mechanism is via a myeloperoxidase-catalysed reaction
of H,O, with C1™ [1,2]. HOCI, a highly reactive biological
oxidant, is thought to play an important role in both micro-
bial killing (bactericidal action of phagocytic cells) and
inflammatory tissue injury by neutrophils [1,2]. Under
pathological conditions, HOCI/OCI ~ is found at concen-
trations up to 200 uM [3], however in some tissues it can be
as high as 3—8 mM [4]. HOCI reacts with a wide range of
biological target molecules, including lipids, proteins and
DNA, to form long-lived N-chloramines (RNHCI) in a
reaction with amine groups [5—7].
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Toxic effects of HOCI have been studied on different cell
types [5,7—13]. HOCI induces general dramatic cell impair-
ment [1,2]. It also interferes specifically with intracellular
signal transduction pathways [11].

Red blood cells (RBCs) have been used extensively as a
model system for investigating common mechanisms of
neutrophil-mediated cell injury [5,7,14,15]. Vissers and
Winterbourn [7] have shown that exposure of RBCs to
low concentrations of HOCI resulted in the loss of intra-
cellular reduced glutathione (GSH) that preceded oxidation
of membrane thiols and the formation of chloramines. The
well-known end result of erythrocyte exposure to HOCI is
cell haemolysis [14,15]. HOCI treatment causes an imme-
diate change in the RBC membrane structure that affects
membrane deformability and permeability. These changes
are followed by gradual cell swelling and K " —leakage and
then lysis [14]. Electron microscopy showed extensive
disruption of the erythrocyte membrane [14]. But the exact
mechanism of RBC damages and haemolysis is poorly
understood.

Perhaps hypochlorous acid-produced impairment of
erythrocyte membranes resulting from a direct interaction
between neutrophils and RBCs in circulation may play a
role in the pathogenesis of diseases that are associated with

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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RBC membrane defects, such as haemolytic anemia and
vascular complications. Free-radicals and oxidants produce
the membrane defects and subsequent haemolysis that occur
in stored blood, as well as in the blood of haemodialysed
patients and in blood of hypochlorite-treated septic patients.
The aim of the present study was to assess the size and the
number of membrane defects (pores), formed by HOCI
treatment of RBCs in vitro and their relationship to sub-
sequent erythrocyte lysis.

2. Materials and methods
2.1. Chemicals

Sodium hypochlorite (NaOCl), 5,5-dithio-bis (2-nitro-
benzoic acid) (Ellman’s reagent) and valinomycin were from
Sigma-Aldrich, Germany; the fluorescence probe 3,3’-dipro-
pylthiadicarbocyanine iodide (DiSC;(5)) was from Molec-
ular Probes, Eugene, OR, USA. All other reagents were from
POCh (Gliwice, Poland) and were of analytical grade.

2.2. Blood samples

Blood from healthy donors was purchased from the
Central Blood Bank in Lodz. Blood was taken into 3.2%
sodium citrate. After removing plasma and the leukocyte
layer, erythrocytes were washed three times with cold (4 °C)
phosphate buffered saline (PBS: 0.15 M NaCl, 1.9 mM
NaH,PO,4, 8.1 mM Na,HPO,, pH 7.4). Erythrocytes were
used immediately after isolation.

2.3. Susceptibility of erythrocytes to hypochlorous acid-
induced damage

Suspensions of RBCs in PBS (haematocrit 20%, 10% or
5%) were treated with different concentrations of hypochlo-
rous acid at 22 + 1 °C for 5 or 10 min. Then the cells were
washed three times with excess of cold PBS and resus-
pended in PBS (haematocrit 10%). At pH 7.4, this solution
contained approximately 1:1 ratio of HOCI and OCl ~ and
was subsequently referred to as HOCI [15]. The concen-
tration of OCl~ was determined spectrophotometrically
using an absorbance coefficient of 350 M~ 'em ~' (292
nm) at pH 9.0 [16].

The susceptibility of erythrocytes to HOCl-induced oxi-
dative damage was measured in terms of the apparent rate
constant of cell haemolysis, changes of cell osmotic fragility
and intracellular GSH level.

The process of haemolysis was monitored by haemoglo-
bin release: after various time periods of incubation, 50 pl of
pretreated RBS suspension (haematocrit 10%) was added to
1 ml of PBS and centrifuged (1.000 X g, 5 min). The
haemoglobin content in the supernatants was measured
spectrophotometrically by absorbance at 414 nm. The
haemoglobin content after haemolysis of the same volume

of the RBC suspension by addition of 1 ml of water was
assumed to be equal to 100%.

To measure the pH-dependence of haemolysis rate con-
stant, HOCl-treated RBCs were resuspended in different
buffered solutions (PBS, pH 5.8—8.4).

2.4. Assay for intracellular GSH concentration

The GSH level was determined by the method of Ellman
et al. [17]. Briefly, 0.2 ml of 25% trichloroacetic acid was
added to 2 ml of final RBC suspension (10% haematocrit)
and centrifuged. To 1 ml of the supernatant, 1 ml of 1 M
phosphate buffer (pH 7.8) and 0.1 ml Ellman’s reagent
(10 ~* M) were added for GSH determination.

The concentration of GSH was monitored spectrophoto-
metrically at 412 nm using the extinction coefficient of 13.6
mM ' em .

2.5. Osmotic fragility assay

To determine osmotic fragility, HOCI-treated erythro-
cytes were washed and diluted to the 0.25% haematocrit
with NaCl solutions of various concentrations (50—150
mM) buffered with 5 mM sodium phosphate (pH 7.4).
After 20 min of incubation, the cell suspensions were
centrifuged and the percentage of osmotically lysed cells
was estimated.

2.6. The membrane potential measurement

The membrane potential was measured using the optical
probe DiSC5(5) which responds to the membrane potential
of the cell according to a widely used method [18] and
calculated using the Nernst equation. Briefly, erythrocytes
before or after HOCI treatment and washing were sus-
pended at a haematocrit of 0.2% in buffered saline, con-
taining 10 mM Tris—HCI, pH 7.4 and 150 mM
(KC1+NaCl) with K" concentrations ranging from 50 to
140 mM. To all suspensions of cells the fluorescent dye was
added to give a final concentration of 2 uM. After the time
required for stabilizing the fluorescence intensity of the dye,
valinomycin at a concentration of 1 uM was added to the
sample. The value of 150 mM was used as the internal K"
concentration in RBCs. Fluorescence was excited at 625 nm
and registered at 660 nm with a Perkin-Elmer LS-5B
spectrofluorimeter.

All the results were expressed as the means of three to
five replicates + S.E.M. and the statistical analysis was
conducted using analysis of variance (ANOVA).

3. Results
Treatment of RBCs with HOCI and subsequent wash-

ing to remove unreacted oxidant and its products, resulted
in a time-dependent process of cell haemolysis. Fig. 1
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time/ min

Fig. 1. Time courses of RBC destruction after erythrocyte exposure to
HOCI (1.0 mM) and following resuspension in PBS, pH 7.4, (1) and in 300
mM mannitol buffered with 5 mM sodium phosphate, pH 7.4, (2); time of
cell exposure to oxidant—10 min; PBS, pH 7.4; 22 + 1 °C, haematocrit—
10%. N/No—the fraction of cells lysed.

represents the kinetic curves of erythrocyte lysis after
treatment and resuspension in different media. According
to our measurements, the apparent rate constant of
haemolysis of HOCI-treated (1.0 mM) RBCs in buffered
150 mM NaCl, pH 7.4 (PBS), was (21.3+3.4)-10 °
s~ ! and that in buffered 300 mM mannitol, pH 7.4 was
(2.5+0.1)-10 ~® s~ '. Substitution of mannitol for PBS
resulted in a significant diminution in the rate of hae-
molysis (Fig. 1). This effect can be rationalized assuming
that like many other haemolytic agents, i.e. +y-radiation
[19] or ethanol [20], oxidation by HOCI produces a
limited number of pores in a cell membrane through
which molecules of various diameters permeate at differ-
ent rates. We calculated the size and the average number
of pores formed as a result of RBC treatment with HOCI.
This was accomplished using our data on the inhibition
of haemolysis when HOCI-treated cells were suspended
in mannitol containing solution instead of NaCl and the
equation of Lieber et al. [21].
The apparent hole area would be:

A=d[(V*) = (Vs)*]/2DVtso,

where d is the membrane thickness (d=6 nm) [21]; V'* is the
average erythrocyte aqueous volume of the maximally
swollen cell (critical haemolytic volume); V is the average
RBC aqueous volume before the entry of the permeable
osmotic solute; D is the diffusion coefficient of the solute in
the medium; and #5( is the time required for 50% haemolysis
(s) [19-21].

It can be assumed for human erythrocytes that Vy=
9.8 x 10'° nm> and the osmotically active volume of the cell
is 0.7 of its total volume [22].

J* can be determined from the osmotic fragility curve
(Fig. 2) as a sum of the osmotically inactive volume (Vj,,)
and the osmotically active volume (V) corresponding to
50% osmotic haemolysis, assuming that the osmotically
active volume of the RBC behaves as a perfect osmometer
and the osmotically inactive volume is not changed after
HOC]-treatment [22].

The RBCs exposure to HOCI resulted in cell membrane
damage and increased RBC osmotic fragility. Fig. 2 shows
the osmotic fragility curves of erythrocytes treated with
various doses of HOCI. The concentration of NaCl corre-
sponding to 50% osmotic haemolysis of native erythrocytes
was 63.5 £ 1.7 mM, whereas that corresponding to 50%
haemolysis of cells treated with 1.0 mM HOCI was
67.5 £ 1.7 mM. Taking into account the osmolarity of the
buffer, these values correspond to the osmolarity of 139.5
and 147.5 mosM, respectively. The critical haemolytic
volume would be:

G
V* = Vina + Va iso <Cl)a
50%

where Cjs, is the osmolarity of isoosmotic medium (300
mosM), Csgo, is the osmolarity of the medium of 50%
osmotic haemolysis. V* was equal to 17.7-10'® nm® for
nontreated cells and to 16.9-10'® nm® for damaged cells at
1.0 mM HOCI, respectively. Cell oxidation decreased the
average aqueous haemolytic volume due to decreasing the
membrane stability and deformability.

For the pair of solutes (mannitol and NaCl) of Stokes
radii and diffusion coefficients of ¢=0.13 nm and
D,=12.6 x10 "' m?s (NaCl) and of »=0.42 nm and
D,=6.13x10 " '© m?%s (mannitol) [19-21], tso was

100 "
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Fig. 2. Osmotic fragility curves of red blood cells treated with various doses
of HOCI: control erythrocytes (1); 0.1 mM HOCI (2); 1.0 mM HOCI (3);
exposure conditions: time of cell exposure to oxidant—10 min; PBS, pH
7.4; 22 + 1 °C, haematocrit—10%.
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measured to be 32343 s for NaCl solution and 276000 s
for mannitol solution (Fig. 1). Two different A4 values
A4,=1.42x10 2 nm> (NaCl) and 4,=0.34 x 10 ~? nm?
(mannitol) were obtained, respectively.

The true mean radius () and the number (1) of the pores
can be calculated from:

r=(0v4s — ay/4)/(v/4a — V/4y),
n = A/ [n(r — a)’] = A/ [n(r — b)’].

According to our calculations HOCI (1.0 mM) treatment
of RBCs induces membrane pores with the apparent radius
r=0.7 nm, and the average pore number per cell is n=0.01.

There were significant differences in the rate of haemol-
ysis of RBCs when they were haemolysed at different pH.
All cells were exposed to oxidant treatment in PBS at pH
7.4. Aliquots of these oxidant treated cells were evaluated
for their rates of haemolysis at different pH’s and significant
differences were observed. The maximal stability of cells
was observed at pH 7.2—-7.3 (Fig. 3).

Shown in Fig. 4 is the loss of intracellular reduced
glutathione after RBC exposure to HOCI1 (35-800 puM).
The process of GSH oxidation is rapid, occuring in 1-2 min
(data not shown). In our experiments GSH loss is linearly
dependent on the ratio of HOCl/cell number. No significant
changes in this dependence were observed at different cell
concentrations (Fig. 4).

Using DiSC;(5), a fluorescence dye to measure mem-
brane potential, we evaluated human RBC transmembrane
electrical potential. It was equal to 12.6 £ 1.5 mV and

kx10%/ min "’
N w
-

pH

Fig. 3. Effect of incubation medium pH (PBS) on the apparent rate constant
of HOCl-induced haemolysis; exposure conditions: 1.0 mM HOCI, time of
cell exposure to oxidant—10 min; PBS, pH 7.4; 22 + 1 °C, haematocrit—
10%.
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Fig. 4. Oxidation of red blood cell reduced glutathione caused by HOCI at
different haematocrit—20% (1), 10% (2) and 5% (3); exposure conditions:
time of cell exposure to oxidant—5 min; PBS, pH 7.4; 22+ 1 °C.

treatment with hypochlorous acid did not produce any
significant changes in it.

4. Discussion

Vissers and Winterbourn [7] showed that HOCI can easily
penetrate the red blood cell membrane and cause GSH
oxidation. The amount of the oxidant per cell rather than its
concentration in cell suspension was important for cell injury
(Fig. 4). There was almost a complete loss of intracellular
GSH at 6—8 nmol of HOCI per 107 red blood cells (Fig. 4).

Vissers et al. [14] reported that the reduced glutathione
and membrane thiol oxidation was not associated with cell
lysis. This is in contrast to studies by others [12] who
suggested that membrane thiol oxidation by HOCI resulted
in lysis of P388D1 cells. In earlier studies, we demonstrated
that HOCI treatment resulted in oxidation of RBC membrane
thiols and tryptophan residues, membrane chloramine for-
mation, inhibition of Na¥, K™ - and Mg2+-ATPases, mor-
phological transformation, including cell swelling as a result
of water influx, and haemolysis [23].

The increase in osmotic fragility (Fig. 2) reflected mem-
brane impairment and cell destabilization produced by
HOCI. However, no significant changes of RBC membrane
electrical potential were observed following HOCI-treat-
ment. From that, we believe that the pore formed is not
ion-selective and that K" efflux through the damaged
membrane is probably compensated by Na " influx.

The pH-dependence of the apparent rate constant of
haemolysis (Fig. 3) might be the result of pH-induced
structural transition of the RBC membrane. Earlier we
observed a similar pH-dependence for the rate of ethanol-
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induced haemolysis of human erythrocytes [24]. Likewise
maximal RBC stability was between 7.2 and 7.3.

We conclude that the pore formation and disturbance in
passive ion permeability is the reason of the HOCl-induced
haemolysis (earlier we showed that the disturbance in active
membrane ion flows is also due to HOCI induced membrane
impairment [23]). This agrees with earlier data indicating
that HOCl-induced haemolysis occurred by a colloid—
osmotic mechanism that involved disruption of the mem-
brane [14,15]. The disruption causes K " -leakage and grad-
ual cell swelling [14,15]. Modification of RBC membrane
protein and cross-link formation might result in clustering of
band 3 and other membrane and cytoskeletal proteins to form
haemolytic pores [15].

HOCI-treatment of RBCs induces damage of membrane
proteins and lipids, which eventually bring about formation
of transient dynamic non-selective short-lived pores. The
average number of pores per cell is less than 1.00. Similar
numbers of pores are formed following exposure of RBCs to
v-irradiation [20] or photosensitization [25]. For example, in
recent studies we have shown that photosensitized lysis of
RBCs occurs due to the formation of the short-lived pores. In
those studies, the average pore number per cell was 0.02 and
the apparent pore radius was estimated to be 1.1 nm [25].
The relatively low number of pores may be the result of the
small fraction of time during which at least one haemolytic
pore is present in the HOCI-treated cell membrane. In
summary, HOCl-treatment seems to create transient pores.
Such pores remain open for a limited fraction of time and
allow electrolyte movement through the membrane. The
process of pore opening is pH-dependent, which agrees with
earlier conclusions that conductivity and selectivity of the
plasma membrane pores are dependent on ionisation state of
neighbouring groups in the membrane [26].
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Abstract

Introduction: The aim of this study was to evaluate the cellular toxicity of different pH levels on the R3230AC mammary tumour cell line
(clone-D) in vitro and to determine in what way the pH affects the tumour cells. The results could be used to interpret the cell damaging
effects seen in electrochemical treatment of tumours (EChT), where pH alteration in tissue is the major event. Methods: Tumour cells were
treated with pH 3.5, 5,7, 9, 10 and 11 for 10, 20 or 30 min, respectively, followed by studies with the viability assay 3-(4,5-dimethylthiazol-
2-y1)-2,5,-diphenyl tetrazolium bromide (methyltetrazolium (MTT)), morphological observation in phase contrast microscope (PCM) and
light microscope, nucleotide analogue incorporation (BrdU; 5-Brdmo-2’-deoxyuridine), Caspase-3 activity measurement and detection of
DNA fragmentation by an agarose gel electrophoresis. Results: In the viability assay, it was found that different pH levels had cytotoxic
effects; these effects were dependent on the pH value and on the time of exposure at a given pH. Morphologically, cells in pH 3.5 and 5 had
shrunk, were rounded and had condensed chromatin, whereas prominent cell swelling and nuclear expansion were seen in the pH 9- and 10-
treated cells. Gross cytolysis was found in pH 11. A BrdU incorporation assay indicated that proliferation rate is inhibited markedly both with
decreasing and increasing pH. Significant Caspase-3 activity was found in pH 3.5 and 5 groups. Caspase-3 levels for the alkaline exposure
were equal or below the normal control. DNA ladder formation, a characteristic of apoptosis, was only visualised in the treatment of pH 3.5
for 30 min. Conclusions: pH changes inhibit cell proliferation and decrease cell viability. The pathway of killing tumour cell in low pH
probably has at least two directions: apoptosis and cell necrosis, whereas high pH results in only cell necrosis. The study suggests that low pH
environment can induce apoptosis in unphysiological condition comparable with tissue pH at EChT. In addition, it seems that R3230AC
mammary tumour cells are more tolerant to high pH than to acidic changes. This supports the theory that anodic EChT should be more
efficient than cathodic.
© 2002 Elsevier Science B.V. All rights reserved.

Keywords: R3230AC; Electrochemical treatment; Caspase-3

1. Introduction

Electrochemical treatment of tumours (EChT) is a prom-
ising method and complement in modern oncology by which
direct current is delivered into neoplastic tissue to induce
tumour regression. EChT has been suggested as an effective
local therapy [1—6]. Recent studies, both in vivo and in vitro,
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E-mail address: henrik.von.euler@kirmed.slu.se (H. von Euler).
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have confirmed its effectiveness in animal tumour models
[7,8]. Human experience, primarily from China, showed that
EChT inhibits proliferation of tumours [9].

The development of EChT as a clinically accepted therapy
has somewhat been hindered by uncertainties regarding the
mechanism of tumour destruction. Several different hypoth-
esis of the destruction mechanism behind EChT have been
proposed [1,10]. The main reaction products at electrolysis of
biological tissue with insoluble electrode material are at the
anode, which causes decomposition of water into molecular
oxygen and hydrogen ions, and oxidation of chloride ions.
While at the cathode, the electrolysis causes disintegration of
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water, which produces molecular hydrogen and hydroxyl
ions, thereby, the tissue becomes acidified or alkalized,
respectively. Platinum is the most commonly used electrode
material in EChT. The effect of pH alteration in tumour tissue
is probably the most important mechanism. Tumour destruc-
tion caused by EChT can be correlated with an unphysio-
logical change in pH. Specific pH values known to cause total
tissue destruction could be used as markers to evaluate the
efficacy of treatment [11].

Even though EChT has been applied in clinical studies of
different kinds of tumours and has shown positive response,
there has been almost no systematic research in this field
and the biological mechanisms are also poorly understood.
Few studies have been carried out where the influence of pH
on tumour cells has been analysed. It is not well known if
the pH gradient, by itself, can induce apoptosis or cell death
and to what extent the pH affects tumour cells and inhibits
proliferation. A significant pH gradient by EChT can
produce a fiercely cytotoxic local environment.

In this in vitro model, R3230AC mammary tumour cells
(clone-D) have been incubated with specific pH values for
10, 20 or 30 min. After this, a “postexposure recovery” for
2—6 h was provided. The following methods for detecting
cellular damage were applied: viability assay 3-(4,5-dime-
thylthiazol-2-yl)-2,5,-diphenyl tetrazolium bromide (MTT),
morphological observation in phase contrast microscope
(PCM) and light microscope, nucleotide analogue incorpo-
ration (BrdU; 5-Bromo-2’-deoxyuridine), Caspase-3 activity
measurement and detection of DNA fragmentation by
agarose gel electrophoresis.

The aim of this study was to evaluate the cellular toxicity
of different pH levels on the R3230AC mammary tumour cell
line (clone-D) in vitro and to determine in what way the pH
affects the tumour cells regarding proliferation and cell death.
The results could be used to interpret the cell damaging
effects seen in electrochemical treatment (EChT) of tumours,
where pH alteration in tissue is the major event. With this
model, we have focused on the effect of the pH on cellular
damage in vitro, since the situation is considerably more
complex in vivo. In this way, the mechanisms of tumour
regression with EChT successively can be understood.

2. Materials and methods
2.1. Cell culture

The R3220AC rat mammary tumour cell line (clone-D;
kindly provided by Prof. G. Bussolati, University of Turin,
Italy) was cultured in RPMI 1640 with Glutamax I medium
(GIBCO™, Invitrogen, Stockholm, Sweden) supplemented
with 10% heat-inactivated foetal bovine serum in a humidi-
fied 37 °C, 5% CO, incubator. When BrdU and different pH
were used, cells were cultured in either 2 ml of culture
medium in plastic tissue culture dishes, 2 cm in diameter
(Falcon, Becton Dickinson, NJ, USA) for morphological

analysis (PCM or light microscopy) or in 10 ml of culture
medium in plastic tissue culture dishes with 10 cm diameter
for the other experimental assays.

2.2. General study design

The cells were studied in the following pH: 3.5, 5,7, 9, 10
and 11. The different pH levels were achieved by adding
sodium hydroxide or hydrochloric acid to culture medium.
Durations used were 10, 20 and 30 min for all different pH-
levels. To assure that the pH did not change during the
incubation, pH measurements were preformed immediately
after completing the CO, incubation. After the pH exposure,
the cells were allowed to recover in culture medium with
normal pH before studies were performed. The recovery
periods were 2 h (methyltetrazolium (MTT) and Caspase-
3), 3 h (BrdU and morphology) and 6 h for the DNA-ladder
study.

2.3. Cell morphology

To determine alteration in cellular morphology, cultured
cells attached to the plate were exposed to different pH and
duration. After recovery for 3 h in culture medium with
normal pH, observations were made under a phase contrast
microscope, and subsequently, the cells were fixed in 4%
formaldehyde, dried and stained using Giemsa. Further
observations were made under a light microscope.

2.4. Viability test

Cell viability was measured using the MTT assay (Sigma,
St. Louis, MO, USA). The 3-(4, 5 dimenthylthiazol-2-yl)-
2,5,-tetrazolium bromide MTT is converted to an insoluble
formazan by cleavage of the tetrazolium ring by dehydrogen-
ase enzymes. In living cells, active mitochondrial dehydro-
genase will cause this conversion, dead cells will not [12].
Cells were cultured in a 96-well culture plate (Nunc, Ros-
kilde, Denmark), and about 4000 cells in 100 pl/well were
added and incubated for 48 h at 37 °C. This was followed by a
change of the normal medium to a pH-adjusted as described
above. After pH treatment, the culture media was changed
back to normal and the incubation continued for 2 h. Then
MTT stock solution (5 mg/ml) was added to equal one tenth
of the original culture medium, according to the manufactur-
er’s protocol. The incubation was continued for another 4 h.
Atthe end of the incubation period, adding acidic isopropanol
solubilized the converted dye. The absorbance was measured
at a wavelength of 570 nm on a microplate spectrophotometer
(Molecular Devices, USA).

2.5. Cell proliferation
To study the effects of pH on cancer cell proliferation,

cells were grown for 3 h in different pH conditions and
assessed for BrdU incorporation.
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The culture medium was changed and BrdU labelling
solution (final concentration 10 uM in culture medium) was
added and incubated for 3 h at 37 °C. The dishes were then
washed twice with 2 ml washing buffer (phosphate-buffered
saline (PBS) pH 7.4 with 10% FBS; foetal bovine serum).
After this, the dishes were dried at 60 °C for 1 h and
subsequently chilled in —20 °C for 2 min. The cells were
fixed with 2 ml 4% formaldehyde for 30 min. Finally, they
were rinsed with tap water for 20 min and left upside-down
to dry overnight. BrdU incorporation into proliferating cells
was determined immunohistochemically.

After incubation at 37 °C with 1 M HCI for 30 min to
break down the hydrogen bonds and separate DNA, the
dishes were washed with tris-buffered saline (TBS) for
2 x5 min. To block endogenous peroxidase activity, 0.7%
H,0, solved in methanol were added for 30 min in RT. The
dishes were rinsed with tap water for 2 min, with TBS for 5
min and treated with trypsin (1 ml 0.1% trypsin in TBS) for 5
min in 37 °C to improve antibody penetration, followed by
careful rinsing with TBS. Blocking buffer (1 ml of 5% bovine
serum albumin (BSA)—TBS) was applied for 15 min, fol-
lowed by the incubation with the primary antibody (mouse
anti-BrdU, Dako, Glostrup, Denmark) for 1 h in RT. After
carefully washing, the secondary antibody (rabbit antimouse
biotinylated, Dako) was applied and incubated for 30 min.
The Avidine—Biotin Complex (Dako) was added for 30 min
and DAB (diaminobenzidine, Sigma) for 7 min. Then coun-
terstaining with Giemsa was performed according to standard
procedures. The labelling index (LI), the ratio of BrdU
positive cells and the total amount of cells were quantified
by light microscopy. About 1000 cells were counted.

2.6. Caspase-3 activity

Caspase-3 activity was measured using the CPP32/Cas-
pase-3 Fluorometric Protease Assay Kit (MBL, Naka-ku
Nagoya, Japan) that recognises the sequence DEVD, based
on detection of cleavage of substrate DEVD-AFC (AFC: 7-
amino-4-trifluoromethyl coumarin). Cells (1 X 10%) were
cultured in 2 ml plastic dishes and pH-treated as described
in the general study design. After incubation for 2 h in
culture medium with normal pH, cells were scraped off and
transferred to a 1.5-ml eppendorf tube, centrifuged and
resuspended in 50 pl of chilled Cell Lysis Buffer and
incubated on ice for 10 min. Then 50 pl of two times
Reaction buffer (containing 10 mM dithiotreitol, DTT) and
5 ul of 1 mM DEVD-AFC Substrate (50 uM final concen-
tration) were added to each sample and the cells were
incubated in 37 °C for 1 h. Samples were transferred to a
96-well plate for reading in a fluorometer with 400 nm as
excitation wavelengths and 505 nm emission wavelengths.

2.7. DNA electrophoresis

DNA electrophoresis was performed using a slightly
modified method with a DNA extracting Kit (Sigma,

Mammalian Genomic DNA kit GIN-70). Briefly, after the
pH incubation and a 6-h recovery period, the attached cells
were washed with PBS and harvested via a scraper and
transferred to a test tube with PBS. 2—5 x 10° cells were
centrifuged at 1200 X g for 5 min. After the supernatant has
been removed, the pellets were resuspended thoroughly in a
200-pl resuspension solution, subsequently treated with
RNase 20 pl (20 mg/ml) and 20 pl proteinase K (20 mg/
m) and lysed with 200 ul volume of lysis buffer at 70 °C for
10 min. Then 200 pl ethanol (95%) was added, and the
sample was transferred to a preassembled GenElute nucleic
acid binding column and centrifuged at 6500 rpm for 1 min.
Eluted DNA was precipitated according to standard proce-
dures overnight and resuspended in 15 pl of TE (tris-EDTA;
ethylene-diamine-tetra-acetic-acid) buffer (pH 7.4). Loading
buffer was added to the samples, and electrophoresis was
performed in a 1.5% agarose gel for 180—240 min at 65 V.
The DNA was visualised under UV-light with ethidium
bromide.

2.8. Statistical analyses

Numerical results were expressed in figures as the mean
with standard deviations (SD). Student’s paired z-test was
employed to compare data from the control and different pH
exposure for each pH point. Values of p<0.05 were
considered indicative of statistical significance.

3. Results
3.1. Cell morphology

Morphological changes were observed under phase con-
trast and light microscopes. Cells treated with pH 7 showed
normal morphology. In contrast, most of the pH 3.5- and 5-
treated cells had shrunk, condensed chromatin, nuclear
fragmentation, lost cell-to-cell contact and in part had
detached from the plate. In the pH 9- and 10-treated cells,
additional cell swelling (cytosolic oedema) and nuclear
expansion were found. Cytoplasmic vacuolisation increased
as the pH became more alkaline. Gross cytolysis was a
distinctive feature for the cells in pH 11. The cell morphol-
ogy changes were more prominent as the duration of
exposure increased, especially in pH 3.5 and 5. But all the
features were present already after 10-min exposure (Fig.
1A—E). Many of these characteristics suggested apoptotic
morphology.

3.2. MTT viability assay

Cell viability was measured using the MTT assay. Mito-
chondrial respiratory function was significantly impaired by
pH adjustment in a pH-dependent and time-dependent
manner (Fig. 2). The effects were most prominent by pH
3.5, 10 and 11 for 30 min (p<0.01).
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Fig. 1. R3220AC rat mammary tumour cell line (clone-D) treated with different pH for 10 min, fixated in formalin and stained with Giemsa, Magnification
200 X. (A) pH 3.5, the cells are easily detaching from the plate surface. Remaining cells are shrunken, have pycnotic nucleus and condensed chromatin. (B) pH
S, as for (A), except that the number of cells has increased and pycnosis is less prominent. (C) pH 7, normal control. (D) pH 9, a mixture of normal and necrotic
cells. Some cells have a swollen cytoplasm. (E) pH 11, few cells remaining. All cells have a rounded and swollen cytoplasm. The cells show an intracellular

oedema, nucleus swelling and some have even disrupted plasma membranes.

3.3. BrdU labelling

Three consecutive experiments were performed.

The

number of cells counted in each plate was about 1000,
except for the pH 3.5 and pH 11 for 30 min, where intact
cells were absent. In pH 3.5 for 20 min and pH 11 (10 and

20 min), only one out of the three experiments contained
perceptible cells. Hence, no standard deviations were stated.
The result of the BrdU assay is shown in Fig. 3. In pH 7, the
BrdU incorporation, labelling index (LI), varied between
64.8% and 93.9% (mean 80.5%), irrespectively of the
duration of “exposure”. Significantly decreased BrdU in-
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Fig. 2. Cell viability measured using the MTT assay. Each pH-point is made up of three independent experiments. Results are displayed as the mean absorbance
at 570 nm with standard deviations (SD). There is a marked decrease in cell viability as the pH, increases or decreases, respectively. The most significant

changes (p<0.01) were detected for pH 3.5, 10 and 11 for 30-min exposure.

corporation (paired #-test, p <0.05) compared to normal was
found in pH 3.5 (10 and 20 min), pH 9 (30 min), pH 10 (30
min) and pH 11 (10 and 20 min).

3.4. Caspase-3 activity
Significant rise in the Caspase-3 activity was found in
all acidic treatment groups (p <0.05), except for pH 5 for

20 min, still Caspase-3 activity was 54% higher than
normal in this group (Fig. 4). The fold-increase in CPP32

100

activity was determined by comparing the results with the
negative control, pH 7 (value 1). No significant differences
between normal control and the alkaline group could be
detected.

3.5. Detection of DNA fragmentation by agarose gel
electrophoresis

Treatment of the cells with pH 3.5 for 30 min created a
pattern characteristic of internucleosomal fragmentation,

90

80

70
60
50

Labelling index (LI) %

35 5 7

N10 min
20 min
B30 min

pH

Fig. 3. Measurement of the thymidine analogue, BrdU, incorporation or labelling index (LI). BrdU is a specific S-phase marker. The labelling index (LI), BrdU
positive cells divided with the total cell number, was quantified in 10 light microscopic high-power fields randomly selected. Normal labelling index varied
between 64.8% and 93.9% (mean 80.5%). Significantly decreased BrdU incorporation (paired #-test, p <0.05) compared to normal were found. Error bars show

the standard deviation (SD).
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Fig. 4. Measurement of the Caspase-3 activity. Significant rise in the Caspase-3 activity, an early detector of apoptosis, was found in all acidic treatment groups
(p<0.05) except for pH 5 and 20 min, still Caspase-3 activity were 54% higher than normal in this group. No significant differences between normal control
and the alkaline group could be detected. The CPP32 activity is described as fold-increase with standard deviations (SD), compared to negative control pH 7

(value 1).

DNA ladder (Fig. 5). Treatment of cells with other pH and
duration of exposure did not cause marked DNA fragmen-
tation. Agarose gel displayed high molecular weight
genomic DNA that remained trapped in or near the well,
while smaller fragments down to 180 base pairs were
resolved.

1353 bp

60300

Fig. 5. Detection of DNA fragmentation by agarose gel electrophoresis
(1.5% agarose gel for 240 min at 65 V). pH values are marked above each
lane, exposure time: 30 min. M=DNA fragment size marker. Treatment of
the cells with pH 3.5 and 30 min created a pattern characteristic of
internucleosomal fragmentation, DNA ladder.

4. Discussion

Ever since it was first introduced in Sweden in the early
1980s, EChT has gained its main clinical interest in China
[9]. Recent reports have shown that EChT is more consid-
ered as one of the alternatives for local tumour destruction,
even in the Western world [13,14]. Both earlier and recent
reports claim that the pH alterations in tissue during elec-
trolysis are the main reason for the success with electro-
chemical treatment [1,10,11]. However, there are few data
concerning the effects of electrochemical treatment regard-
ing the biological and biochemical changes that are altered,
which could further explain the success with this treatment.
Hence, this mono factor experiment, in vitro, has a unique
ability to reveal what actually occurs when tumour cells are
exposed to acidic and alkaline stress, respectively, at levels
comparable to what is seen in EChT.

The buffer capacity of the body has an important impact
on the ability of the tissue to react on electrolysis in vivo.
Several reports have been published where the buffer
systems have been analysed both theoretically and exper-
imentally [15—17]. In this study, the cells were allowed to
recover from toxic insult due to variable pH for 2—6 h
before samples were analysed regarding viability, prolifer-
ation, apoptosis, etc. The addition of normal medium can
mimic the organism’s engagement of the different buffering
systems during and immediately post-treatment with EChT.
In this way, the persisting cell injuries after pH treatment are
displayed.

The alteration of the pH value has important biological
consequences to cancer cells. It does not only modify the
cytotoxicity of some anticancer drugs, but also induces cell
damage or even cell death [18].
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Phase-contrast and light microscopy revealed an increase
in the number of cells that had lost cell-to-cell contact and
had detached from the plate with increased, as well as
decreased, pH and longer periods of incubation. Most of
the detached cells, in low pH, showed apoptotic morphol-
ogy with secondary degeneration in Giemsa stain (Fig. 1).

Inspection in light microscope of the pH-treated cells
expressed the same characteristics as found in EChT
[1,4,19]. The cells in the acidic group had pycnotic nuclei,
condensed chromatin, shrunken in size, and for the pH 3.5
for 30 min group, many of the cells had detached from the
plate. In the alkaline group, the cells were swollen, had
loose chromatin, and in the highest pH, the plasma mem-
brane had disrupted.

In EChT, a strong acidification and dehydration take
place around the anode, which lead to the cellular features as
described above. At the cathode, the prominent alkalization
and cellular oedema result in chromatin and plasma mem-
brane characteristics as seen with the R3230AC mammary
tumour cell line treated with high pH in vitro. The dehy-
dration or oedema respectively is due to the migration of
water as it acts like a dipole, electroosmosis, whereas the pH
changes are referable to the hydrolysis of water [15]. The
cytopathology were more mixed in the alkaline group,
where shorter exposure (10 and 20 min) to pH 9 did not
change the cellular morphology significantly compared to
the normal control. This suggests that alkaline stress is less
toxic than acidic stress.

Substantial changes in the extracellular pH induced a
significant decrease in cell viability judged by methyltetra-
zolium (MTT) metabolism, which decreased significantly
compared to the control in all modalities except for pH 9 (10
and 20 min, respectively). The results suggested that both
exposure time and pH level are correlated to the destructive
effect, and that low pH is more aggressive in creating a toxic
environment.

The BrdU is incorporated into DNA as a structural
analogue of thymidine. It serves as a specific S-phase
marker [20]. Proliferation of tumour can be assayed with
BrdU immunocytochemistry. In this study, the tumour cells
dose-dependent, time-dependent growth inhibition is shown
in Fig. 3. To inhibit the cell proliferation, it seems important
to maintain an unphysiologic pH for a certain time. How-
ever, it is not clear how acidification and alkalization affect
the BrdU incorporation. The changes of pH to levels of
below 4 and above 10 affect cancer cells dramatically. We
can expect that the intracellular pH (pH;) and ionic concen-
trations change as the extracellular pH (pH,.) does and then
induce cell damage or even death [21]. Hence, pH alteration
and its effects on cancer cells is probably an important
mechanism of EChT.

It is reported that exposure of cells to an acidic environ-
ment or intracellular acidification by inhibiting the pH;
regulatory mechanisms causes apoptosis [22,23]. Acidifica-
tion might be a signal for DNA digestion. It is conceivable
that the activity of the enzymatic reactions, as well as other

multistep cellular and biochemical processes are greatly
influenced by environmental acidity. We used the
R3220AC rat mammary tumour cell line (clone-D) because
it is very stable and works well even in an in vivo milieu
allowing tumour inoculation studies to be performed.

Several authors claim that acidification of the intracel-
lular environment is an essential condition for the induction
of apoptosis, and that DNAse II with an optimal pH of about
5.0 is responsible for the DNA fragmentation in apoptosis
[24,25]. In the present study, we clearly demonstrated that at
low pH values, apoptosis is enhanced. Acidic environment
in pH 3.5 resulted in the degradation of DNA and a ladder
formed of oligonucleosome-sized fragments, a characteristic
of apoptosis. DNA electrophoresis demonstrated that pH-
induced apoptosis were both dependent on the pH-level, as
well as the duration of exposure. To detect inevitable
changes in the DNA towards apoptosis, the Caspase-3
activity measurement served as a suitable complement. With
this, early events in the apoptotic process, not seen with
morphological or electrophoresis experiments and not
requiring the presence of intact cells, can be detected and
quantified. Cysteine proteases (e.g. Caspase-3) are present
in most mammalian cells and are unusual in a way that they
cleave proteins after aspartate residues and they themselves
require activation by cleavage. This suggests that a cascade
mechanism of activation may exist. However, the target
proteins of these caspases have not been fully identified.
When the R3220AC rat mammary tumour cell line was
exposed to different pH, it clearly reacted with apoptotic
degeneration in all treatment modalities with acid media. We
could therefore conclude that the increase of apoptosis in an
acidic medium, as observed in the present study, results
from intracellular acidification.

In higher pH, most cells in this study were markedly
necrotic. DNA electrophoresis demonstrated high molecu-
lar weight smear bands; DNA ladder formation did not
occur (Fig. 5). No early apoptotic degradation could be
detected even with the Caspase-3 assay (Fig. 4). This
suggests that cell injury in alkaline conditions is not due
to apoptotic degeneration. The mechanisms are preferably
that higher alkalization condition directly destroys various
enzyme and structure protein, and result in inactivation of
function or protein denaturation. Intracellular alkalization
increases the inward calcium current and results in an
increase of intracellular Ca>* [26]. The initiating event in
necrosis leads to an influx of water and extracellular ions.
Intracellular organelles, most notably the mitochondria, and
eventually the entire cell, swell and rupture, the structure of
the DNA is randomly degraded. Acute cellular oedema is
the most characteristic feature of tissue treated with catho-
dic EChT.

The extracellular pH change inhibits proliferation and
decreases viability. The pathway of killing tumour cells in
low pH probably has at least two directions: apoptosis and
cell necrosis (mainly apoptosis), whereas high pH results in
cell necrosis. This implicates that EChT, with its ability to
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create a fiercely toxic pH gradient, is an effective way of
treating tumours.
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Abstract

Introduction: Because of the variety of tissue structures, the interpretation of the passive complex dielectric permittivity spectrum &(w) of
the heart is still a problem. The aim of this work was to correlate (w) of heart tissue with physical processes on cellular level. Methods: &(w)
of canine hearts was continuously measured in the range from 10 Hz to 400 MHz during cardioplegic perfusion and during following
ischemia. Cardioplegic perfusion was performed with HTK (Custodiol®) without or with heptanol, in order to produce electrical cell
uncoupling via the closure of gap junctions. To analyse &(w), we present two heart models which consider cell shape, electrical cell coupling,
and dielectric polarisation of cell membranes and membranes of intracellular structures. Results: e(w) of heart tissue shows an a-, B-, and +y-
dispersion. ¢(w) remains unchanged during cardioplegic perfusion with HTK, but if heptanol is added, there is an immediate decrease in the
region of a-dispersion and an increase in the low frequency part of B-dispersion. Similar changes are observed during ischemia following
HTK perfusion without heptanol; additionally, the R-dispersion shifts to higher frequencies. Using our models, we obtain analogue changes
of ¢(w) by fitting model parameters which describe water content, water distribution, extra- and intracellular conductivity, and gap junction
resistance. Discussion: Changes of these tissue properties as calculated by our models based on the measurement of &(w) are consistent with
intraischemic changes of heart tissue known from immunohistochemical, biochemical, and histological investigations. The next step will be
to use our models for the prognosis of irreversible tissue damage.
© 2002 Elsevier Science B.V. All rights reserved.

Keywords: Dielectric spectroscopy; Heart; Ischemia; Tissue models; Water content; Gap junctions

1. Introduction The dielectric losses are usually described by the fre-
quency-dependent conductivity a(w) of the matter (Eq. (3)),

The dielectric polarisation of matter is given by the
dimensionless parameter ¢, which is called dielectric per-
mittivity [1]. ¢ describes the capacitance increase of a ca-

pacitor filled with matter:

a(w) = wepe(w) (3)

with &,=8.85x 10 ~ ' As/Vm.

From relaxation phenomena in the dielectric spectra, one
, £ (1) can gain information about molecular dipole moments [2],

Co chemical interactions between different molecules [3], cel-
Iular membranes and structures [4—6], subcellular structures
like mitochondria [7,8], and many other dynamic processes
like counter ion polarisation [5].

The dielectric polarisation of matter can be measured
nondestructively by the application of weak electric fields
[1,6]. Therefore, the method of dielectric spectroscopy
seems to be a suitable means for noninvasive investigations
on living tissue. A large growing body of literature exists
dealing with measuring the impedance or the dielectric
spectra of various biological tissues in the frequency range
from DC up to several GHz [9—12].

&

with C=capacitor with matter, Cy=vacuum capacitor.
Typically, the dielectric polarisation processes are fre-
quency-dependent and show relaxation phenomena with
increasing frequency. The relaxation processes are described
by the complex dielectric permittivity ¢ in Eq. (2):
g(w) =¢d(w) —id"(w) (2)
with ¢=dielectric permittivity, ¢’=dielectric loss factor,
o =2nf, f=frequency, and i =imaginary unit (= v/—1).

" Corresponding author. Tel.: +49-6221-561755; fax: +49-6221-

564208.
E-mail address: michael.schaefer@exchi.uni-heidelberg.de
(M. Schaefer).

One field of application of this spectroscopy technique is
the characterisation of heart tissue during global ischemia
[13—16]. During ischemia, the blood flow through the heart

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.

PII: S1567-5394(02)00152-4





172 M. Schaefer et al. / Bioelectrochemistry 58 (2002) 171-180

is interrupted and the tissue undergoes progressive changes
leading to irreversible loss of its viability. These progressive
changes seem to be correlated to changes in the passive
electrical impedance spectrum of the heart measured during
ischemia [13,16]. However, interpretation of the spectrum of
the heart and its changes during ischemia is still difficult.
The reason for this is the complex structure of heart tissue.
Many of the above-mentioned polarisation mechanisms
contribute to its dielectric permittivity and the relaxation
processes overlap each other in the spectrum. A clear
correlation between a measured intraischemic alteration in
the dielectric spectrum and a physical process on the cellular
level was not yet found and the interpretation strongly
depends on the chosen model [13,14]. One new aspect of
discussion is the closure of gap junction channels which
connect heart cells electrically. The intraischemic variation
of intercellular coupling is assumed to be one possible
reason for some of the measured changes of the dielectric
spectrum [14,17—19]. The open state of these gap junctions
is suspected to take part in cardiac diseases especially
concerning arrhythmogenesis and cardiac contractile dys-
function [18,20—23]. Patch clamp techniques on paired
cells, immunohistochemical methods, laser scanning micro-
scopy or electron microscopy are mostly used for the
investigations of the gap junctions [24]. In comparison to
these techniques, dielectric spectroscopy is noninvasive and
very simple to use. However, the previous studies show
[14,17,18] that the information about electrical cell coupling
from complex impedance spectra are very vulnerable to
disturbances produced by temperature, conductivity of the
extracellular fluid, and electrode position. Therefore, abso-
lute measurements are difficult and information was
obtained only by analysing the time course relative to the
starting values.

The aim of this work was to correlate the complex
dielectric permittivity spectrum of the heart measured from
10 Hz to 400 MHz with physical processes on cellular level.
We discuss the measurements in the scope of two different
heart models. The first heart model was suggested by
Gersing [14] for liver tissue and is modified in this work
for the application on heart. It describes the electrical
properties of different tissue structures by using a network
of technical components. However, this model does not
allow for the distribution of time constants [25—27] or the
influence of cell shapes [28]. In order to consider also these
phenomena, we present a second heart model which
includes the knowledge about tissue morphology and the
dielectric properties of the different tissue materials. With
these models, we try to answer the following questions:

(1) Can we identify the open state of gap junctions by using
the technique of complex dielectric spectroscopy? For
this purpose, we measured the complex dielectric
permittivity spectrum of heart tissue during cardioplegic
perfusion and following ischemia in two different
situations: perfusion with HTK (Custodiol®) as in the

hospital situation and perfusion with HTK +3 mmol/l
heptanol in order to close the gap junctions [29].

(2) Is it possible to correlate intraischemic processes known
from biochemical and histological investigations with
changes in the dielectric spectrum? For this purpose, we
fitted a heart model to the dielectric measurements and
compared the tissue properties described by the model
parameters with intraischemic processes known from
biochemical and histological investigations.

(3) What is the influence of cell shape and the shapes of
intracellular structures on the tissue water content
determined by dielectric spectroscopy? For this purpose,
we calculated the effective dielectric permittivity pro-
duced by the dipole moments of water molecules with
the second model. The result is used for the determi-
nation of the tissue water content from dielectric per-
mittivity measurements which is compared to the water
content gained by drying and weighing heart tissue
samples.

(4) Is it possible to assess tissue damage in ischemic hearts
by means of dielectric spectroscopy?

2. Materials and methods
2.1. Experimental procedure

All animals received humane care according to the Guide
for the Care and Use of Laboratory Animals (NIH, pub. 86-
23, revised 1985).

After anaesthesia and thoracotomy, the left ventricular
myocardium of dogs (Foxhounds) was investigated during
cardioplegic perfusion with 5 °C cold HTK (Kd&hler
Chemie, Alsbach-Hahnlein, Germany) or with the intermix-
ture of 3 mmol/l heptanol. HTK group consisted of n=6
dogs and the effect of heptanol was tested in n=35 experi-
ments. Both groups were further investigated during follow-
ing ischemia at 25 °C [13].

After the first 2 min of cardioplegic perfusion with HTK,
heartbeat had stopped. Then, the probe for dielectric meas-
urements was smoothly pressed to the epicardial surface of
the left ventricle and the complex dielectric spectrum was
measured continuously every minute. Perfusion with HTK
was continued up to 11 min. Alternatively, heptanol was
injected in the fifth min of perfusion into the HTK solution
and perfusion was also continued up to 11 min. After the
end of perfusion, pieces of 2.5 X 2.5 cm were excised from
the left ventricle and placed in temperature-controlled meas-
uring chambers at 25 °C for the dielectric measurements
during ischemia [30]. No bath medium was added but
chambers were sealed to avoid desiccation. The complex
dielectric permittivity spectrum was measured during ische-
mia continuously every 10 min.

One piece of each left ventricle was weighed and dried in
order to determine the dry-to-wet weight ratio of the heart
tissue. Water content was also determined in pieces of left
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ventricle tissue after 20 min of heart perfusion with saline
solution (n=15).

2.2. The dielectric spectrum from 10 Hz to 10 MHz

The dielectric permittivity spectrum &(w) was measured
by using an impedance spectroscopy equipment consisting
of a computer controlled Solartron 1260 impedance analyser
together with a self-constructed preamplifier [31] and non-
invasive surface electrodes. The electrode probe consisted of
two electrodes arranged in parallel with a distance of 10 mm
between them [30]. Each electrode had a fractal surface in
order to minimise electrode polarisation errors and an area
of 4 X 1 mm.

The dielectric permittivity e(w) was calculated from the
measured complex impedance Z(w) by Eq. (4).

1

8(0)) = m (4)

The impedance Z(w) is altered by the impedance of the
electrical network connecting the electrode probe and the
measuring input. Eq. (5) gives the relation between the
sample impedance Z(w) and the measured impedance Z,,(w)
[6,32]:

le(w) Wzl(w)

) =IO Z) ()

(5)

System calibration was performed by using three differ-
ent saline solutions (KCI) with known dielectric properties
for the determination of the scattering matrix parameter
Wi(@), Wi(w)Wai(w), and Way(w).

2.3. The dielectric spectrum from 10 to 400 MHz

The complex reflection coefficient r(e,cw) was measured
with a Philips PM 5390 S signal generator and a Rhode and
Schwarz ZPV-E3 HF analyser applying an open-ended
coaxial line probe. The diameter of the outer conductor of
the probe was 13 mm.

The quasi-static approximation of the complex admit-
tance Y(e) of the coaxial line probe [33] was used to
calculate the dielectric permittivity &(w) from Eq. (6).

YL—Y(S)

(50 =5 )

(6)

with Y} =admittance of the coaxial line.

The connecting electrical network between the probe
and the measuring input changes the reflection coefficient
r(e,w) to ry(e,w) similar to the transformation of Z(w) to
Zn(w) in Eq. (5). For system calibration, air, shorted
electrodes, and a saline solution (KCI) with known dielec-
tric properties were used.

2.4. The equivalent circuit model of the heart

Fig. 1 shows the technical model suggested by Gersing
for liver tissue [14] modified for application on heart
tissue. This model describes the current through the tissue
by using technical components in order to simulate the
electrical properties of biological structures. The resistance
R, describes the properties of the extracellular electrolyte
and the resistance R;, the intracellular cytosol. This model
bases on the vision that the transcellular current has to
pass the membrane with the capacitance C,, and the
resistance R,, then through the cytosol, and from cell to
cell through the interstitial membranes described by Cj,,
or alternatively, through the gap junctions with the resist-
ance R...

2.5. The heart model based on tissue morphology

With regard to calculations of the dielectric spectrum in
the broad frequency range from 10 Hz to 400 MHz, the
frequency-dependent polarisation of various molecules, the
Maxwell—Wagner polarisation of cell membranes as well
as the polarisation contribution of intracellular structures
like mitochondria have to be considered in the model
[5,8,34]. Fig. 2 shows our simplified tissue model of the
heart which we used for the calculations. The model
consists of three compartments filled with different dielec-
tric materials: the extracellular volume V. (e.(w)), intra-
cellular volume Vi, (ga(w)), and the internal volume of
subcellular structures like mitochondria Vj; (gi(w)). The
three compartments are separated from each other by
membranes with the dielectric properties &y,(®) or epni(),
respectively. The dielectric properties &(w), k=e, ia, ii, m,

Cnm Cm
|| |_
I

*— Ri —
Rm RCC

¢ ®

Re
o o

Fig. 1. Electrical model of organ tissue with intercellular connections via gap
junctions suggested by Gersing [14] modified for the application on heart
tissue by membrane resistance R,,. Membrane capacitance Cy,,, C}; cytosol
resistance R;; extracellular resistance R.; and gap junction resistance R..
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Fig. 2. Simplified model of heart tissue. The model consists of three
compartments filled with different dielectric materials: the extracellular
volume ¥, (e(w)), intracellular volume Vi, (&,(®)), and the internal volume
of subcellular structures like mitochondria Vj; (&;i(®)). The three compart-
ments are separated from each other by membranes with the dielectric
properties &n(w) or &mi(w), respectively. The dielectric properties &w),
k=e, ia, ii, m, mi, are calculated by using the Cole—Cole spectral function
of Eq. (7).

mi, are calculated by using the Cole—Cole spectral func-
tion of Eq. (7) [35].

Sk(O)—Sk(oo) O
o 8k(00) i 1 + (ia)fk)l’“" + i80(,0 (7)
with ¢,(0)=static dielectric permittivity, &(co)=high fre-
quency dielectric permittivity, t,=relaxation time, oy =
distribution parameter, and ¢,=DC conductivity.

The cell shape and the shape of the intracellular struc-
tures are approximated by rotational ellipsoids. The total
dielectric permittivity &(w) of the model is obtained by two
main steps.

(1) Computing the dielectric permittivity of the membrane
enclosed ellipsoids of the intracellular structures by
using Eq. (8) [36]:

&3 + (82 — 83)D1]j + 01(82 — 83)(1 — D()]j)
&3 + (&2 — &3)D1yy — vi(&2 — &3) Doy

D = aislb,%;[ /OO df
slj =
2 oyt

& = &3

2 2
_aibiy _ (aior — dir) (bior — din)
aiib%, aiiby,

(8)

with & = ¢;(®), &5 = &ni(®) calculated by Eq. (7), a, b=c
are the half axes of the ellipsoids, j = a;y, b;s, Cisi, =018
used for the outer shape of the ellipsoid and s=1 for the
inner part of the ellipsoid without the membrane, d;; is
the membrane thickness, and / is the index for the
different shapes of the ellipsoids.

(2) Computing the effective dielectric permittivity ¢; of the
inner compartment of the cell ellipsoids by using the
mixture formula of Eq. (9) especially suitable for high
volume fractions of the dissolved ellipsoidal component
[37]:

&

1
6i — &1 = = i o — &) ———————————— 9
b 321:0122(920 Fl)Si—FDo]j(Szy—Si) ®)

with & =¢,(w) calculated by Eq. (7) and the volume
fraction v, = Vi/(Vo+ Via+ V).

Steps (1) and (2) are repeated for the ellipsoids describ-
ing the shape of the heart cells and the effective dielectric
permittivity ey, of the model tissue is calculated by using
&= (W), &3=em(), &1 =), dy=dpn, and v;=~(Via+ Vi)
Vet Viat Vi).

We fitted the theoretical spectrum &g, of this model to the
measured data by using a nonlinear least square fitting
algorithm based on minimisation of the variance of Eq. (10).

var =

ﬁz’::(gi — o)’ (10)

with #»=number of measured values.

2.6. Determination of tissue water content from dielectric
permittivity measurements

The effective dielectric permittivity €\.gep, of Water was
calculated by the model displayed in Fig. 2 by replacing the
dielectric permittivity e.(w), &a(w) and g;;(w) of the different
compartments by the static dielectric permittivity &y, =78.4
of pure water [2]. The water content was then calculated
from the Maxwell— Wagner mixture formula in Eq. (11) [38]
with the assumption of spherical particles with the dielectric
permittivity &, dissolved in the bulk with the dielectric
permittivity &ly.gep:

glw—dep — &heart

7 J J 7
Ew—dep — ér Ew—dep — ©r
(elheart - Slwfdep) ( + 3S,Wfdep 0

28/W—dcp + ‘C‘Jr Ew—dep + F/r

(11)

v =

with v=volume fraction of the dissolved matter.

The dielectric permittivity &}..,: Was calculated from the
high frequency end of the measured dielectric spectrum from
10 to 400 MHz. We fitted the theoretical spectral function of
Eq. (7) extended to two Cole—Cole relaxation terms to the
measured data by using the same nonlinear least square fitting
algorithm. The first Cole—Cole relaxation term describes the
high frequency end of the relaxation processes mentioned
before, and the second Cole—Cole relaxation term describes
the relaxation of the water dipole moments. For the second
Cole—Cole spectral term, we used fixed parameters 7, =
83x 10?5, ayy=0, and &y(0)=5.3 [2]. As a result, we





obtained &hear;=&w(0), the fitted static permittivity of the
second Cole—Cole spectral term.

2.7. Statistics

The measured results are quoted as mean = STD (stand-
ard deviation). Statistical differences between data sets were
calculated by Wilcoxon rank sum test. The null hypothesis
was rejected when p < 0.05.
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3. Results

3.1. The complex dielectric spectrum of heart tissue during
ischemia after pre-ischemic perfusion with HTK

Fig. 3 shows an example of the dielectric permittivity
¢(w) and the conductivity o(w) of the heart at 25 °C
measured at 100 and 300 min after the onset of ischemia.
The spectrum is separated into segments «, 3, and . At
100 min, ¢ decreased with increasing frequency while ¢
increased with increasing frequency. ¢ showed the high
frequency end of the a-dispersion, the broad B-dispersion
up to more than 100 MHz, and beyond the beginning of
the y-dispersion. Compared to this spectrum, the spectrum
measured at 300 min changed as follows: The dielectric
permittivity ¢ was smaller in the frequency region of the
a-dispersion, and higher in the beginning of the p-
dispersion from 1 to about 100 kHz and a shift of the
p-dispersion to higher frequencies can be seen beyond
100 kHz.

Figs. 4—7 demonstrate the time courses of &(f;) and
0(fo) during ischemia at 25 °C for hearts perfused with
HTK. The observation frequencies fy (230 Hz, 13 kHz, 10
MHz, 354 MHz) are examples taken from the -, beginning
and high frequency end of the -, and from the y-region.

The dielectric permittivity ¢ (230 Hz) in Fig. 4 decreased
slightly during ischemia up to about 100 min and continued
its decrease with a steeper negative slope up to about 250 min.
Beyond this time, the dielectric permittivity was approxi-

1e+7 7 - 1,0
0,8
1e+5 4 —_
06 E
" :
- 0,4
1e+3 A ©
r 0,2
1e+1 T T T 0,0
Te+1 1e+3 1e+5 1e+7 1e+9
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Fig. 3. Representative example of the complex dielectric permittivity
spectrum of heart perfused with HTK measured at 100 and 300 min during
ischemia at 25 °C.

Fig. 4. Dielectric permittivity ¢ and conductivity ¢ of heart tissue perfused
with HTK measured at 230 Hz during ischemia at 25 °C (mean + STD,
n=0).

mately constant up to 700 min. The conductivity ¢ (230 Hz)
started with an increase up to about 60 min and decreased
until 250 min. Further changes in this parameter were again
negligible up to 700 min.

The dielectric permittivity ¢ (13 kHz) in Fig. 5 showed a
completely different time course compared to Fig. 4. It
started with a small increase, followed by a steep increase
up to about 250 min and had a small maximum at about 350
min. However, the time course of the conductivity o (13
kHz) was qualitatively similar to the time course at f,=230
Hz.

In the higher frequency part of the 3-dispersion, the time
course of the dielectric permittivity as well as that of the
conductivity showed a steep increase up to about 400 min,
which can be seen in Fig. 6 at 10 MHz. Beyond 400 min,
the rise of the increase in the dielectric permittivity & (10
MHz) was smaller and the conductivity ¢ (10 MHz) showed
a plateau.

Only small changes in the dielectric permittivity & were
measured at 354 MHz in Fig. 7. ¢ (354 MHz) values
between 59 and 60 can be seen during time up to about
700 min. The time course of the conductivity ¢ (354 MHz)
showed a linear ramp up to 400 min followed by a plateau.
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Fig. 5. Dielectric permittivity ¢ and conductivity ¢ of heart tissue perfused
with HTK measured at 13 kHz during ischemia at 25 °C (mean + STD,
n=0).





176 M. Schaefer et al. / Bioelectrochemistry 58 (2002) 171-180

280 - - 0,80
< 240 - - 0,70 §
g =

200 - 0,60 T
= s
" 160 - L 0,50 ©

e}

120 0,40

0 200 400 600
t [min]

Fig. 6. Dielectric permittivity ¢ and conductivity ¢ of heart tissue perfused
with HTK measured at 10 MHz during ischemia at 25 °C (mean + STD,
n=35).

3.2. The influence of heptanol perfusion on the dielectric
permittivity

Fig. 8 demonstrates the different time courses of the
dielectric permittivity ¢ measured at 13 kHz of hearts
perfused with pure HTK and HTK + heptanol, respectively.
This parameter is shown during perfusion and following
ischemia. During perfusion with HTK, ¢ (13 kHz) = 37000
remained constant and started with similar values in the
beginning of ischemia. Then followed a steep increase to
values of ¢ (13 kHz) = 55000 as already shown in Fig. 5. A
completely different behaviour displays the time course of ¢
(13 kHz) in the case of heptanol injection during perfusion:
Immediately with the onset of heptanol perfusion through the
heart, the dielectric permittivity increased from about 40000
to about 53000 and started during following ischemia with
similar high values. ¢ (13 kHz) of heptanol treated hearts
remained beyond 50000 during ischemia and no significant
difference could be seen when compared to the dielectric
permittivity values ¢ (13 kHz) measured in the HTK group
beyond 250 min.
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Fig. 7. Dielectric permittivity ¢ and conductivity ¢ of heart perfused with
HTK measured at 354 MHz during ischemia at 25 °C (mean & STD, n=3).
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Fig. 8. Dielectric permittivity ¢ of heart tissue perfused with HTK (filled
symbols, n=6) or with HTK+3 mmol/l heptanol (open symbols, n=15)
measured at 13 kHz during perfusion and during following ischemia
(mean *+ STD).

3.3. The effect of gap junction closure calculated with the
equivalent circuit model of the heart

The model of Fig. 1 was used to simulate the influence
of gap junction closure on the calculated dielectric per-
mittivity spectrum. The dielectric spectrum was calculated
with a small resistance R . indicating electrical cell
coupling via open gap junctions, and with a very high
R.. for closed gap junctions. Fig. 9 demonstrates the
frequency response of the calculated dielectric permittivity
spectrum €(w) under these different conditions. With a
small resistance R.., an a- and PB-dispersion appeared in
&(w). With increasing resistance R.., the a-dispersion
disappeared and, simultaneously, ¢ increased in the region
of the P-dispersion. The calculated conductivity a(w)
decreased with increasing R..
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Fig. 9. Low frequency part of the spectra displayed in Fig. 3 in order to
emphasise the changes during ischemia: measured complex dielectric
permittivity of heart tissue at 100 min (filled symbols) and at 300 min (open
symbols) in comparison to the spectra calculated with the model of Fig. 1
for open (solid line, small R..) and closed (dotted line, high R..) gap
junction channels. The distribution of time constants [25-27] is not
implemented in the model, which results in the differences between
measured and calculated data.
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Fig. 10. High frequency part of the spectra displayed in Fig. 3 in order to
emphasise the changes during ischemia: measured complex dielectric
permittivity of heart tissue at 100 min (filled symbols) and at 300 min (open
symbols) in comparison to the spectra (lines) calculated with the model of
Fig. 2 applying the parameter sets of Table 1. Changes of the dielectric
permittivity are produced by increasing model parameters ., G, i, Uas
and Diik» k= 1, 2.

3.4. Effect of increased conductivity, cell edema, and
swelling of mitochondria on the complex dielectric
permittivity spectrum

Fig. 10 shows the high frequency part of the spectra
displayed in Fig. 3 in order to emphasise the changes during
ischemia. It compares the dielectric spectra of the heart
measured beyond 100 kHz at 100 min (filled symbols) and
at 300 min (open symbols) to the fitted spectra (lines)
calculated with the heart model of Fig. 2 applying the
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Fig. 11. Dry weight of heart tissue calculated from dielectric permittivity
measurements with Maxwell-Wagner mixture formula of Eq. (11) in
comparison to dry weight measured by drying and weighing the tissue.

parameter sets of Table 1. As far as possible parameters
were taken from literature as indicated. We kept all param-
eters constant except d., 0ja, Tj;, iz and vj, k=1, 2 to fit the
values at 100 and 300 min. We obtained var=38 at 100 min
and var=150 at 300 min, respectively.

3.5. The dielectric permittivity and the water content of
heart tissue

An effective dielectric permittivity &, qep =76 of water
was determined with the model of Fig. 2 applying the
parameters of Table 1 describing the cell morphology. The
volume fraction of the nonpolar component with &;=3 was
calculated from Eq. (11) for each heart with the dielectric
permittivity &ea. Fig. 11 compares these results with the

Table 1

Parameter sets for the calculation of the complex dielectric spectrum of the heart with the model of Fig. 2

Parameter

100 min

300 min Comparison to literature

Dielectric properties

e, €e(00), Te [PS], %e, T [S/m]
Eias Sia(oo)> Tia [pS], Oias Oia [S/m]
&ii, &i(00), Tii [ps], o, 03 [S/m]
Ems Sm(oo), Tm [PS], Om, Om [S/m]

Emi» 8mi(oo)’ Tmi [pS], Omi> Omi [S/l’l’l]

Cell morphology
Ellipsoid half axis of the cells,
a, b=c [um]
Cell membrane thickness, d,, [m]
Cellular volume fraction, v;,

Intracellular structures

Ellipsoid half axis of the cells,
ay, by=c, [pm]

Membrane thickness, dp,;; [m]

Volume fraction, vy

Ellipsoid half axis of the cells,
as, by=c; [pm]

Volume fraction, v;;,

Membrane thickness, dp,j» [m]

82,5,9,0,1.29 (1.31 £0.04)
50, 5, 30, 0, 0.47 (0.61 £ 0.16)
25, 3, 40, 0, 0.34 (0.25 + 0.08)
8,3,1%x107,03,9x107
3,3,2%x10'°0,9x 107

60, 10

25%x 1010
0.61 (0.63 £ 0.04)

15,03
50x 1010

0.37 (0.32 £ 0.05)
3,3

0.129 (0.11 + 0.06)
25x 1010

82,5,9,0,1.37 (1.52+ 0.24)
50, 5, 30, 0, 0.69 (0.69 £+ 0.07)
25, 3, 40, 0, 0.41 (0.27 £ 0.1)

perfusion solution—measured
50 < &, <80 [36], 0.1 <01, < 1.0 [46]

8,3, 1x107,03,9x10" " &m = 3 [46]
3,3,2%100,9x10~7 emi = 3 [46]

60, 10 [47]

25%x 1010 10x 10 ' <d,<40x10" 19 [42.48]

0.63 (0.65 + 0.04) 0.65 < v, < 0.85 [42,43]

15,03 0.5 < @ <6 um [49]
50x 1010 -
0.39 (0.36 £ 0.04) 0.36 [47]

3,3 0.5 < @ <6 um [49]

0.131 (0.12 + 0.06) -
25x 1010 -

Parameters given with plain characters are taken from literature as indicated. Bold parameters describing the changes between 100 and 300 min were obtained
by nonlinear least squares fit from the data shown in Fig. 10. Data in brackets following the bold parameters are mean £ STD calculated by fitting different
experimental data in order to show parameter variation in different hearts (n=3).
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results obtained by drying and weighing the heart samples.
A correlation factor of R*=0.86 was found.

4. Discussion

4.1. Influence of gap junction closure on the complex
dielectric spectrum of heart tissue between 10 Hz and 100
kHz

The application of heptanol closes gap junctions def-
initely which was shown by patch-clamp investigations
on paired cells [29]. During perfusion, the dielectric
permittivity ¢ (13 kHz) in Fig. 8 increases immediately
to values beyond 50000 after addition of heptanol to the
perfusion solution and remains constant during following
ischemia. In the case of hearts perfused with HTK
solution without heptanol, a similar increase in & (13
kHz) beyond 50000 was found only after 250 min of
ischemia at 25 °C. An intraischemic closure of gap
junctions could be the cause of this increase. Although
we have no independent evidence for this interpretation,
the simulations of the gap junction closure with the
model of Fig. 1 support this presumption. Fig. 9 shows
three simultaneous changes in the dielectric permittivity
spectrum: a decrease of &(w) in the a-region, an increase
of ¢(w) in the B-region, and an overall decrease of a(w).
A steep decrease of ¢ in the a-region is observed
beyond about 100 min up to 250 min in the time course
of ¢ (230 Hz) in Fig. 4. A parallel increase of ¢ and a
decrease of ¢ in the B-region is found in the time course
at 13 kHz in Fig. 5. Hence, the measurements behave
exactly as predicted by the model. From this we con-
clude that these changes in the complex dielectric
permittivity spectrum in the frequency range from 10
Hz to 100 kHz are produced by the closure of gap
junctions.

The variation of the membrane resistance also affects the
complex dielectric permittivity spectrum in this frequency
range [21,39]. If we simulate an increase of R,, with our
model keeping all other parameters constant, this leads also
to a decrease of the conductivity ¢ at frequencies below 50
kHz. However, in contrast to the measured results between
100 and 250 min in Fig. 4, the dielectric permittivity & is
increased in the frequency region of the a-dispersion.
Therefore, within the scope of the model of Fig. I, an
increase of the membrane resistance R, does not explain the
measured changes of ¢ (230 Hz), ¢ (13 kHz), and o (13
kHz) in this time interval. This shows that the analysis of
only one parameter (e.g. g) is not sufficient to identify gap
junction closure.

Now we can answer question (1) formulated in the
introduction: The theoretical investigations performed with
the heart model, as well as the experiments with heptanol,
support the presumption that the physical process of gap
junction closure can be detected in the complex dielectric

spectrum of the heart by the parallel analysis in the a- and
- region.

4.2. Influence of cell orientation, conductivity, and intra-
cellular volume fraction on the complex dielectric spectrum
between 100 kHz and 400 MHz of heart tissue during
ischemia

Within the scope of the model of Fig. 2, we obtain a
reasonably good fit to the measured data as shown in Fig.
10, although we assume arbitrarily oriented cell ellipsoids
and arbitrarily oriented ellipsoids for intracellular structures.
However, from anatomy, it is well known that heart cells in
the ventricular walls are oriented in layers. We assume that
the inhomogeneous electric fields used for the measure-
ments are responsible for this result because the curved
electrical field lines penetrate the heart cells in various
directions. In relation to the measuring system, the cells
appear arbitrarily oriented.

Metabolic measurements reveal the intraischemic pro-
duction of ions, which increases the specific conductivity
[40]. A developing cell edema and the swelling of
mitochondria during ischemia is known from histology
[41]. These processes are modelled by the parameters g,
Gia» Gii, Via» Vii1, and vy, respectively. Parameters o), j=e,
ia, ii describe the specific conductivity of the extra- and
intracellular compartments. Between 100 and 300 min,
these values increase from 1.29 to 1.37, 0.47 to 0.69, and
0.34 to 0.41, respectively (cf. Table 1). Parameter vj,,
which models the cellular volume fraction, increases from
0.61 to 0.63. In our model, we distinguish only two
intracellular structures with membranes described by their
volume fraction v;; and v;,. These values also increase
between 100 and 300 min from 0.37 to 0.39 and 0.129
to 0.131, respectively.

Absolute values of the calculated model parameters
strongly depend on the additional input parameters
describing the different ellipsoids and the complex dielec-
tric properties of the model compartments (cf. Table 1).
Some of these parameters are not exactly known, espe-
cially not under the condition of ischemia. We varied
some of these parameters in physically reasonable ranges
yielding different fit results. However, for each parameter
set we tested, ., Ois, O, Via» Vi1, and vj, increased from
100 to 300 min as described above for the single
experiment. In order to show the robustness of our model
approach, we applied the parameter set of Table 1 to
different experiments of the same experimental group and
finally calculated mean and STD for each fit parameter
(data are shown in brackets in Table 1). For these data,
we did not find a large variation.

Answering question (2) of the introduction, the changes
of the model parameters calculated by fitting the example in
Fig. 10 at 100 and 300 min match the results of the above-
mentioned metabolic and histologic investigations during
ischemia.
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4.3. The influence of the cell shape and the shape of
intracellular structures on the dielectric permittivity

To calculate the water content of the heart tissue, we used
the Maxwell mixture formula of Eq. (11). This formula is
based on the tissue model of spherical particles with the
dielectric permittivity &, dissolved in a bulk medium of
water with the dielectric permittivity of &, The main po-
larisation contribution to the dielectric permittivity of bio-
logical tissue beyond several hundred MHz is due to the
molecular dipole moments of water [5,34]. The dielectric
permittivity of pure water at 25 °C amounts to &, ="78.4 in
this frequency range [2]. The nonaqueous part of the tissue
matter is beyond its relaxation frequency and shows small
dielectric permittivity values of typically &=3-5.

Water is found in the intra- and extracellular compart-
ment. The cellular volume fraction is between 0.65 and 0.85
[42,43], and the largest amount of water molecules can be
found inside the cells. Hence, to apply the Maxwell mixture
formula we have to decrease the dielectric permittivity from
gy =784 to &,.4ep="76 to allow for the depolarising elec-
trical field from the cell membranes [28]. &, 4., Was
calculated with the heart model of Fig. 2 as described in
Materials and methods.

In order to determine the dielectric permittivity &feqr in
Eq. (11), we used a Cole—Cole spectral function with
parameters t,, and o, found for pure water [2]. This means,
all tissue water is assumed to be in free form as found for
skeletal muscle [44] and effects of bound water [45] are
neglected.

We compared the dry weight calculated with the mixture
formula to the water content independently gained by drying
and weighing the heart tissue (cf. Fig. 11) and found a good
correlation between the values. The average absolute differ-
ence is 0.7 using &y.qep and 2.3 using &, in the Maxwell
mixture formula. Hence, as an answer to question (3) of the
introduction, we conclude that within the scope of our
model the depolarisation of cell membranes and membranes
of intracellular structures must be taken into account to
determine the tissue water content.

4.4. Assessment of intraischemic heart tissue damage by
dielectric spectroscopy

It was already suggested by Gebhard [13] and Ischikawa
[16] to use the passive electrical properties of the heart for
the assessment of tissue damage during ischemia. They tried
to correlate changes in the passive electrical properties to
information gained by biochemical and histological inves-
tigations.

In this paper, we try to link intraischemic processes to
changes in the dielectric spectrum of the heart. By using
appropriate models to describe the dielectric properties of
heart tissue, we can extract the following tissue parameters
from the measured data: (1) tissue water content, (2) volume
fraction of cells and of intracellular structures in the tissue,

(3) conductivity of the extra- and intracellular compartments,
and (4) intercellular coupling via gap junctions. The influ-
ence of these tissue parameters for functional recovery of the
heart after resuscitation is only partially understood. The
intraischemic swelling of cells or of mitochondria [41] is an
indicator for tissue damage. Intercellular uncoupling via gap
junction closure is discussed to be a reason for certain heart
diseases as for example arrhythmia [21] or hibernation [20].
The closure of gap junctions accompanied by other intra-
ischemic alterations like a decrease of ATP below a critical
threshold [40] could be a signal for evolving organ damage
[14]. However, intercellular uncoupling was found to be
reversible under specific ischemic conditions [18].
Ischemic heart tissue finally perishes due to many
cellular and intracellular processes some of which can be
noninvasively monitored by dielectric spectroscopy. The
next step will be to find a critical range for the transition
from reversible to irreversible tissue damage by a more
detailed analysis of the time course of dielectric parameters.
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Abstract

The catalytic activity of immobilized catalase (EC 1.11.1.6) for two model peroxide compounds (dibenzoyl peroxide and 3-
chloroperoxibenzoic acid) in a non-aqueous medium was used to prepare an organic-phase enzyme electrode (OPEE). The enzyme was
immobilized within a polymeric film on spectrographic graphite. The amperometric signal of the enzyme electrode in substrate solutions was
found to be due to the reduction of oxygen generated in the enzyme layer. The electrode response is proportional to peroxide concentrations
up to about 40 uM within the potential range from — 450 to — 650 mV (vs. Ag/AgCl), and the response time is at most 90 s. The enzyme
electrode retains about 35% of its initial activity after a 3-week storage at room temperature.

© 2002 Elsevier Science B.V. All rights reserved.

Keywords: Immobilized catalase; Nafion; Graphite; Organic-phase enzyme electrode

1. Introduction

One of the most important problems concerning food
control is the determination of peroxide compounds. As an
alternative to conventional techniques used for peroxide
analysis, which are time- and labor-consuming, various
amperometric biosensors based on immobilized peroxidase
[1-3] or catalase [4—6] were developed.

The ability of native catalase to decompose hydrogen
peroxide into water and oxygen in an aqueous environment
is well known. Moreover, immobilization of the enzyme in
various materials increases its stability and thus opens the
possibility of repetitive use. Amperometric biosensors based
on immobilized catalase have proven to be useful analytical
tools for the specific determination of either H,O, [7] or
some catalase inhibitors such as cyanides and fluorides [8].
Catalase co-immobilized with H,O,-producing or consum-
ing oxidoreductases such as glucose oxidase [9,10], lactate
oxidase [11], peroxidase [12], glutamate oxidase [13,14], L-
lysine-alpha-oxidase [15] or choline oxidase [16] has also
been used for this purpose.

* Corresponding author. Tel.: +359-32-261-552; fax: +359-32-635-049.
E-mail address: harozova@argon.acad.bg (E. Horozova).

The recently demonstrated ability of catalase to act as a
biocatalyst also in non-aqueous media [17] has led to the
development of organic-phase enzyme electrodes (OPEEs)
for monitoring H>O, in various anhydrous systems [6], or in
water-saturated chloroform [5]. Due to the solvent-induced
changes in the enzyme substrate specificity occurring under
such conditions, it is in principle possible to determine water
insoluble organic peroxides [4].

Either H,O, [1,5,6] or other hydroperoxides [1—4,18]
were used as model substrates for the majority of OPEEs
described for the determination of peroxide compounds
based on immobilized peroxidases or catalase. The study
of the catalytic activity of immobilized catalase in an
organic phase for more complex organic peroxides as model
substrates provides the basis for expanding the area of
compounds to be analyzed. Dibenzoyl peroxide and 3-
chloroperoxibenzoic acid have a more complex molecular
structure than H,O,. These compounds are not known as
typical catalase substrates and their enzyme-catalyzed
decomposition in organic media was rarely studied. Our
recent investigations [19,20] showed that immobilized cata-
lase is able to decompose these two organic peroxides in
aprotic solvents such as acetonitrile and tetrachloromethane.
The present paper then deals with the design of an enzyme
electrode for the determination of both dibenzoyl peroxide
and 3-chloroperoxybenzoic acid in acetonitrile, based on the

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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catalytic activity of immobilized catalase for these organic
peroxides.

2. Experimental
2.1. Reagents

Catalase (EC 1.11.1.6) was from Penicillium chrysoge-
num 245 (Biovet-Peshtera, Bulgaria). The specific activity of
the enzyme was 1000 U/mg protein (1U=1 pmol of sub-
strate consumed or 1 umol of product formed per minute).
Buffer solutions were prepared with Na,HPO,4-12H,O0,
KOH, H3PO, and citric acid of analytical grade.

Acetonitrile for UV spectroscopy (Fluka) was used as
reaction medium; dibenzoyl peroxide (C¢Hs;CO)O, (BPO)
and 3-chloroperoxybenzoic acid (3-CPBA), both of analyt-
ical grade, were purchased from Fluka.

The polymer (Nafion™ 117) was obtained from Fluka as
a 5% solution in water—alcohols mixture. The polymer
solution was neutralized with buffer solution (pH 7.0) and
then diluted with bidistilled water before use.

2.2. Preparation of electrodes

A rod of spectrographic graphite RWI (purchased from
Ringsdorff-Werke, Bonn-Bad Godesberg, Germany) with a

2.7

diameter of 0.5—0.6 cm and pressed into a Teflon cylinder
with a platinum current lead was used as working electrode.
The electrode was first polished on fine emery paper P 400
and then on a filter paper. After polishing, it was thoroughly
rinsed with bidistilled water and buffer solution, then dried
before enzyme immobilization.

The enzyme electrode was prepared according to a
procedure similar to that described by Wang et al. [4].
The electrode surface was coated with a 20-pl drop of a
mixture of polymer (1.25% Nafion) and enzyme solution
(200 pg catalase). The coating was allowed to dry at room
temperature for 3 h. A similar polymeric coating, but with-
out the enzyme, was used for control experiments.

2.3. Apparatus and measurements

The experimental system consisted of a bipotentiostat
type BiPAD (TACUSSEL, Villeurbanne, France) and a
digital voltmeter type 1AB105 (ZPU, Pravets, Bulgaria).
The electrochemical measurements were carried out in
potentiostatic regime using a three-electrode cell filled with
acetonitrile. A silver—silver chloride electrode was used as a
reference electrode and a platinum wire as counter electrode.
The solution was purged with argon 20—30 min prior and
during the measurements.

In order to obtain the steady state response of the
electrode and its dependence on substrate concentration,

2.2 1

1.7 1

1.2 1

I/ pA
=3
~
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-1.3 t t t
-800 =700 -600 -500
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Fig. 1. Steady state current / as a function of electrode potential £ vs. Ag/AgCl for graphite electrodes with polymer coating without catalase. The content of
Nafion in the coating solution was 2.5% (1, #), 1.75% (2, A) and 1.25% (3, *); curve 4 (O) is for a graphite electrode without polymer coating. Solvent

acetonitrile, temperature 25 °C.
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an aliquot of a 10~ M stock solution of a substrate in
acetonitrile was added to 12 ml acetonitrile in the cell.
The current of the electrode was monitored, and when it
reached a constant value, the next aliquot of substrate
stock solution was added. The time required until the
current reached a steady state did not exceed 90 s after
any of the additions.

A constant temperature in the cell was achieved by
means of a thermostat UH (VEB MLW Priifgerite-Werk,
Sitz Freital, Germany), and pH of buffer solutions was
adjusted using a pH meter OP-208 (Radelkis, Budapest,
Hungary).

183
3. Results and discussion
3.1. Optimization of electrode coating

Control experiments aiming at the optimization of the
electrode signal were carried out by varying both the
amount of Nafion and the enzyme content in the poly-
meric coating of the electrode. The polarization curves of
graphite electrodes covered with polymeric films devoid of
enzyme showed that the electrode background current
increases as a function of the amount of Nafion in the
coating (Fig. 1). An increase in the polymer concentration

-1.4 t t t

-600 -500

-400

E/

-300 -200 -100 0
mV

-1.0 +
-1.2 +
-14 } } } } } t t
-800 -700 -600 -500 -400 -300 -200 -100 0
E/ mV

Fig. 2. Steady state current /; as a function of electrode potential £ vs. Ag/AgCl for different electrodes in acetonitrile. An electrode without enzyme (curves 1, O)
and an electrode with immobilized catalase (curves 2, @) were immersed in solutions with 20 pM BPO (a) or 40 pM 3-CPBA (b). Curves 3 ( X ) indicate an

enzyme electrode in acetonitrile without substrate; temperature 22 °C.
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leads to a thickening of the membrane layer and probably
causes surface non-uniformity, which results in an
increased background current. On the other hand, elec-
trode coatings with Nafion concentrations less than about
1% did not yield contiguous layers and hence are not
suitable. Electrodes were therefore prepared with 1.25%
Nafion, which yields the lowest background current with a
still intact film.

As a rule, the electrode sensitivity is affected by the
enzyme load [4]. It was found that the electrode response for
both substrates increases as a function of the amount of
immobilized catalase from 50 to 200 pg within the potential
range from — 200 to — 700 mV. Amounts of enzyme larger
than 200 pg did not yield higher electrode sensitivities but
enhanced the noise level. A double-layer electrode coating
(each layer containing 100 pg catalase) decreased the
electrode sensitivity, which is probably due to a higher
resistance for diffusion. Based on these results, an electrode
coating with 200 pg of catalase and 1.25% Nafion was
considered as optimal conditions and was used for the
subsequent experiments.

3.2. Dependence of the electrode response on substrate
concentration

Polarization curves of different electrodes in acetonitrile
in the absence or presence of BPO and 3-CPBA are shown
in Fig. 2a and b, respectively. In both cases, the background
polarization curves of electrodes without enzyme in the
presence of substrates (curves 1) are very similar to those
of electrodes with enzyme in the absence of substrates
(curves 3) in the potential range from —400 to — 600
mV. This indicates that in this potential range, no electro-
chemical process occurs on the electrode covered with a
polymeric film without enzyme despite of substrates being
present. Considerably higher values of cathodic currents are
detected for the electrodes with immobilized catalase in the
presence of substrates (curves 2), and a biocatalytic effect is
clearly demonstrated at potentials more negative than — 400
mV. The oxygen liberated in the enzyme layer due to the
biocatalytic activity of immobilized catalase is reduced
electrochemically at the graphite electrode. Wang et al. [4]
described a similar amperometric biosensing of #-butyl
hydroperoxide in acetonitrile or acetone by means of oxy-
gen reduction in the potential range from — 350 to — 500
mV.

In the range of working potentials from — 450 to — 650
mV, an extended range of proportionality between electrode
response and concentration was found for both peroxides.
With I and /, denoting the steady state current in the
presence of substrate and the background current, respec-
tively, these proportionalities can be expressed by the
average relations I, —1,=(0.0116 +0.0014) pA puM !
Ciro (*=0.9954) for BPO and I, — I,=(0.0115 £ 0.0008)
pBA pM ' Cicppa (2=0.9957) for 3-CPBA. Using a
signal to noise ratio of 3:1, a detection limit of ~ 4 pM

for dibenzoyl peroxide and of ~ 8 uM for 3-chloroperox-
ibenzoic acid can be determined at these working potentials.
Applying working potentials more negative than — 650 mV
led to increased background currents and noise levels for
both substrates.

An example of the dependence of electrode response on
substrate concentration at a working potential of — 600 mV
is shown in Fig. 3a for BPO and in Fig. 3b for 3-CPBA. In
both cases, the proportionality turns into a plateau with a
sharp break occurring at about 40 uM for BPO and 45 pM
for 3-CPBA. Such a behavior cannot be explained by a
saturation of the enzyme but is most likely due to the fact
that the solubility limit of the substrates in the polymeric
film is reached. It thus appears that the rate of the multistep
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Fig. 3. Dependence of the response of a catalase electrode on substrate
concentration. The difference between the steady state current /g at a given
substrate concentration and the background current /; in the absence of the
substrate is plotted vs. the concentration of BPO (a) and 3-CPBA (b) in
acetonitrile. The working potential £ in (a) and (b) was — 600 and — 500
mV, respectively, measured vs. a Ag/AgCl reference electrode; temperature
22 °C.
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enzymatic electrochemical process is probably controlled by
substrate diffusion.

3.3. Dependence of electrode response on temperature

The effect of temperature on the electrode response was
investigated for both substrates at a working potential of
— 500 mV in the temperature range from 15 to 32 °C. The
dependence of I;— I, on substrate concentration remains
proportional for the three temperatures studied, but the
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Fig. 4. Effect of temperature on the linear relation between electrode
response and substrate concentration for BPO (a) and 3-CPBA (b).
Conditions as given in the legend of Fig. 3 except for the temperature,
which was 15 °C (1), 25 °C (2), 32 °C (3), and the working potential £,
which was — 500 mV in both cases. Parameter values for the fitted straight
lines are given in the insets.
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Fig. 5. Arrhenius plots, i.e. logarithm of electrode response vs. reciprocal
absolute temperature for BPO (a) and 3-CPBA (b) at the following
micromolar concentrations: 8.3 (1), 16.4 (2), 24.4 (3), 32.3 (4), and 47.6
(5). Working potential £=—500 mV vs. Ag/AgCl electrode. Parameter
values for the fitted straight lines are given in the insets.

electrode sensitivity (/s — Io)/dC increases with increasing
temperature (Fig. 4). This dependence was analyzed using
the Arrhenius approach, ie. (I5— Ip) axexp[AGa*/(RT)],
where AG,* denotes the apparent activation energy, R

Table 1
Apparent activation energies AGa* of electrode response at various
working potentials £ and substrates (BPO or 3-CPBA) in acetonitrile

E (mV) vs. Ag/AgCl AGa* (kJ mol ~ 1)

BPO 3-CPBA
—500 363115 320£25
— 550 344+15 345+25
— 600 327x15 33.5+25
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Fig. 6. Dependence of activity of catalase enzyme electrode on storage time.
An electrode was stored at room temperature (dry state). The remaining
activity was calculated as the ratio of (/; — /) determined with a constant
substrate concentration of 25 uM (dibenzoyl peroxide dissolved in
acetonitrile) after a given storage time and at the first day of life of the
electrode.

the gas constant and 7T the absolute temperature. The
corresponding Arrhenius plots for different substrate con-
centrations are shown in Fig. 5, and the average values for
AGa* calculated from the slopes of these plots are
36.3+ 1.5 kJ mol ' for BPO and 32.0 +2.5 kJ mol '
for 3-CPBA, both in acetonitrile. These activation energies
were found to be essentially independent of the electrode
potential (Table 1). According to Berezin et al. [21], the
activation energy of enzymatic heterogenecous reactions
controlled by diffusion of substrates in solution (outer
diffusion) does not exceed 15—20 kJ mol ~ ' but is usually
characterized by higher values up to about 40 kJ mol ~ ' if
the reactions are controlled by substrate diffusion in the
electrode (inner diffusion). The values of AG,,* found for
our electrode (~ 35 kJ mol ~ '), as well as the fact that
they do not depend on the electrode potential, support the
above conclusion of a control by substrate diffusion and
show that the diffusion of both substrates in the polymeric
film is most likely rate-determining.

3.4. Stability of the enzyme electrode

Fig. 6 presents data on the activity of our enzyme
electrode as a function of storage time. It is seen that after
7 days (approximately 10 working hours) and 3 weeks
(about 24 working hours) of storage at room temperature,
the electrode retains more than 80% and about 35% of its
initial activity, respectively.

4. Conclusions

By means of two model substrates (dibenzoyl peroxide
and 3-chloroperoxibnenzoic acid) dissolved in acetonitrile, it
could be shown that an organic-phase enzyme electrode
based on catalase immobilized in a polymeric film prepared
with Nafion on spectrographic graphite is feasible. The
electrode response, which arises from the electroreduction
of oxygen generated in the enzyme layer due to peroxide
decomposition, is proportional to substrate concentrations up
to about 40 uM. The rate of the electrochemical process is
most likely controlled by substrate diffusion in the polymeric
film. The electrode is reasonably stable, retaining more than
80% and about 35% of its initial activity after 1 and 3 weeks
of storage, respectively. It allows the determination of
organic peroxides in aprotic solvents and thus may have
relevance to the development of organic-phase amperometric
biosensors for peroxide control in food samples.
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Abstract

The effects of ultraviolet-B (UV-B) radiation on plasma membrane of water plant (Elodea canadensis, Vallisneria spiralis) cells were
investigated by using microelectrode methods. A fast and reversible depolarization of membrane potential occurs initially during exposure of
leaf cells to UV on a white light background, after which a slow phase of depolarization sets in. On action series, UV is pulsed for 15 s, with
dark interval of 3 min, no monotonous response of systems on the UV excitation is observed. The action spectrum of the fast UV response
lies in the interval of 300—330 nm and that of the slow phase—in the interval of 280—300 nm. The input impedance of membranes remains
unchanged during the period of exposure. It is concluded that the H-extruding complex of plant cell plasma membranes really consists of
two types of interrelated electronic H'-pumps: an H'-pump of redox-active nature and the H'-pump of the H'-ATPase enzyme complex.
Clearly, during the exposure of leaf cells to UV light, initially, the H'-pump of redox-active nature and then H'-ATPase are inhibited. It is
proposed that the initial chromophore of UV-B light on plasma membrane can be one of the components of H'-pump of redox-active nature.

It is probably the molecular of quinone.
© 2002 Published by Elsevier Science B.V.

Keywords: UV-B radiation; Proton pump; Membrane potential; Plant cell

1. Introduction

At present, it is known that the plasma membrane of
plant cells has two kinds of proton extruding pumps: an H'-
pump of redox-active nature and that of the H-ATPase
enzyme complex. The results of many experiments show
that both of this pumps are interrelated, although final
proofs of this interrelation are so far lacking [1,2].

It is a problem to find specific factors for inhibition or
separation of these different proton pumps. At present, all
investigators working on the function of these pumps use
chemicals. It is difficult to interpret the results of action
chemical factors on plasma membrane, because chemical
factors simultaneously affect many different processes of
cells. That is why, to study the functions of proton pumps

* This paper was presented at the XVIth International Symposium on
Bioelectrochemistry and Bioenergetics, Bratislava from June 1 to June 6,
2001. A collection of these papers has also been published in previous
issues of this Journal 55/1-2, 56/1-2.
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of plasma membrane, we chose a physical factor, such as UV
irradiation.

Using the UV light, first, we investigated the initial me-
chanism of UV action on plant cells and second, we found out
that it is possible to study the functions of plasma membrane
proton pumps separately.

2. Materials and methods

The study was conducted on photosynthesizing cells of
leaves of the higher water plants—Canadian waterweed
(Elodea canadensis Rich.) and spiral wild celery (Vallisneria
spiralis L.). The large cells of these plants make it possible to
conduct experiments for a long time without disturbing their
physiological state or intactness of the membranes. More-
over, electrogenesis of the cells of water plants has been
thoroughly studied, and they are often used in electrophysio-
logical experiments. Waterweed and wild celery were cul-
tured in tap water, under laboratory conditions. The water was
changed once a week.
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Before the experiment, the leaves were kept in a flow
chamber in artificial pond water (APW), composition of
which included 1.0 mM NaCl, 0.1 mM KCI, and 0.1 mM
CaCl,. A continuous flow of APW made it possible to
preserve the normal physiological state of leaves.

The membrane potential and membrane impedance were
studied using intracellular microelectrode technology, as de-
scribed in detail by Khalilov and Akhmedov [3]. The
microelectrodes constitute special glass capillaries filled
with 3 M KCI. The main source of UV radiation was a
DRT-230 high-pressure mercury lamp, which had a linear
emission spectrum. The distance from the lamps to the
exposed object was 0.25 m. Radiation intensity was 32 W
m 2. Glass filters (UFS and BS) were used in studying the
action spectrum of membrane potential depolarization.

The UV-transmitting filters (UFS and BS) were obtained
from Russian LOMO. The transmittance spectra of these
filters are the same as filters of Toshiba Glass (UV-28, UV-29,
UV-30, UV-31, UV-32). Each filter is characterized by re-
ference to the wavelength at which 50% transmittance oc-
curred [WL (T=0.5)].

The exposure procedure allow us to register membrane
parameters of cell without interruption during typical record-
ings of membrane potential registration are presented on the
figures below.

3. Results and discussion

A complex change of membrane potential was detected
when leaves of the water plants were exposed to UV. Fast and
strong depolarization of the membrane potential occurred

UV on
265 mV‘
a
130 mV
UV on T
UV off
195 mV

100 mV

. UV off
2 min
——]

Fig. 1. Changes in membrane potential of waterweed leaf cells (a) and wild
celery leaf cells (b) during UV exposure.

UV on

260 mvV

Fig. 2. Fast UV response of waterweed leaf cells during UV exposure (15 s).
Vertical lines indicate shift of membrane potential during passage of dc-
impulses (5 x 10~° A, duration of 2 s).

during the first minutes of exposure. Regardless of continuing
exposure, the membrane potential returned to the starting
level, after which a slow phase of depolarization set in (Fig.
1). Thus, UV can evoke two types of depolarization, rapid
and reversible depolarization at first, and then slow depola-
rization. It was interesting to study the action spectrum of
these two types of depolarization. To this end, we used dif-
ferent sources of UV and UFS and BS glass filters to in-
vestigate the kinetics of membrane potential changes during
exposure to UV.

Detailed study of this fast phase of membrane potential
changes indicates that a fast and reversible depolarization
occurred in cells during brief (15-25 s) exposures to UV
with 290 nm wavelength. Depending on the starting mem-
brane potential level and the time of exposure, the depth of
depolarization here attained more than half the value of the
membrane potential. It is interesting to note that input
impedance of the membrane and intercellular electrical
couplings (conductance of plasmodesmata) did not change
during depolarization development or after repolarization
processes (Fig. 2). We identified that the action spectrum of
fast depolarization of membrane potential at the level of
300—330 nm means that, in this case, UV affects the
component of a redox chain of the plasma membrane
directly. The action spectrum of the slow phase of depola-
rization at the level 280—300 nm means that it affects a
protein natural component of plasma membrane, which is
H'-ATPase complex.

The common character of response of membrane poten-
tial is preserved during pulsed action of UV-radiation: the
duration of the phase of depolarization is not dependent,
evidently, on dose (or duration) of the UV-impulse. In one-
act pulse excitation, however, the slow phase of depolariza-
tion, which happens due to enduring long time irradiation,
does not occur. However, in a series of UV, pulsed with
duration of 15 s, with dark interval of 3 min, there was no
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15 sec
UV on +

185 mV

Fig. 3. The kinetics of membrane potential change of wild celery leaf cells during UV irradiation by impulses in series.

observed monotonous response of systems on the UV-
excitation: the depth of depolarization is greater in the first
and the following odd impulses than in the second and the
following even impulses in series (Fig. 3) [4]. This original
character of response develops on the basis of common
monotonous depolarization; obviously, it happens for the
same reasons as those happening under continuous irradi-
ation. When the interval between impulses in series is
decreased, the depth of depolarization in response to the
add impulses also decreases, but is still greater in comparison
with the even impulses (See Fig. 3). Results of the conducted
experiments (Fig. 1) indicate that two types of membrane
potential depolarization are clearly isolated during exposure
to UV light. Characterizing these two types of depolarization,
we can say that the fast response of leaf cells is largely similar
to an action potential (Fig. 2). Duration of the response is
50-60 s, while the depolarization rate does not depend on the
exposure dose and is characterized by the presence of a
threshold and saturation. Only the depth of depolarization
depends on the exposure dose. The membrane potential is
depolarized by 100—120 mV over the seconds measured. The
dependency of depolarization depth on exposure dose has an
S-shaped form.

Adhering to the idea of parallel existence of the H'-
ATPase and redox-active types of H'-pump on the plant
cell plasma membrane, we suggest the following explan-
ation for the effect we obtained during the above-mentioned
UV exposure. The action spectrum of the fast UV response
at the level of 300—330 nm means that UV in this case
directly affects to the nonprotein component of the plasma-
lemma. This may be a component of a redox chain.
Evidently, UV with wavelength of 300—330 nm alters the
function or structure of a component of the redox system.
This component is probably molecular quinone. By exciting
and altering the form of quinone, UV brings about inacti-
vation of the redox system. Inactivation of the redox sy-
stem in turn leads to membrane potential depolarization and
acidification of the cytoplasm, which stimulates a pH;-dep-
endent H -pump of the H'-ATPase type. The initial strong
membrane potential depolarization during the development
of the fast UV response therefore undergoes repolarization

and returns to the starting level irrespective of stoppage or
continuation of the exposure. As for the slow depolarization
phase at the wavelength level of 280—300 nm, it coincides
with the absorption spectrum of protein molecules. It may
therefore be assumed that the H'-pump of the H'-ATPase
type is inactivated at the same time as the redox system
remains under UV exposure.

What occurs during irradiation by series of short UV
pulses? The first impulse inactivates redox-type pump
that results in activation of H'-ATPase. The second
impulse, acting in the condition inactivating redox pump
does not cause intrinsic depolarization, as relative con-
tribution of redox pump in this phase is small after the
action of the first impulse. The more remote is the third
impulse from first impulse, the more continuous is the
condition of reactivation of redox pump, thus ensuring a
cyclic process.

As a conclusion, the results of these experiments are in
agreement with the idea that the H -extruding complex of
the plant cell plasma membrane consists of two types of
interrelated electrogenic proton pumps: an H'-pump of
redox-active nature and that of the H'-ATPase enzyme
complex [5]. So, initially, the ultraviolet-B (UV-B) radiation
inactivates the plasma membrane redox system and then
occurs the inactivation of H'-ATPase.
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Abstract

The stability and the ionic conductivity of biological membranes and of lipid bilayers depend on their hydration. A small number of water
molecules adhere strongly to the different residues of the lipid headgroups and are oriented by them. An additional number of water molecules
adhere more weakly, preserving their freedom of rotation, but are essential for bestowing the thermodynamic properties of hydrated bilayers
and of biological membranes. Around six water molecules are attached so strongly to the headgroups of different phospholipids (PL) that they
are rendered unfreezable, or their freezing is extended over such a wide range of temperatures that it cannot be detected by differential scanning
calorimetry (DSC). If cholesterol is added to the PL above the concentration at which phase separation of the cholesterol phase occurs, the
number of unfreezable water molecules per PL increases, indicating that the PL molecules on the border line between the two phases attach
nearly twice as many water molecules as those in the middle of the phase. The orientation of about seven or eight water molecules attached to
PL headgroups (seven to phosphatidyl serine (PS)) can be detected by polarized FTIR. The dichroic ratio of the successively adhering water
molecules to the headgroup of PS fluctuates between 2.6 and 2.9, with the cumulative value of about 2.8 for the seven water molecules
adhering to the headgroup of PS. In addition, in this case, the number of water molecules oriented by PL molecule residues on the border line of
the two phases is much larger (~ 13 for PS). Interaction between two opposite negatively charged layers containing PS approaching each other
may lead, after correlated electrostatic attraction, to change in the conformation of the headgroups with concomitant dehydration. This process
is enhanced by Ca" and by Li", but it may also occur with Na* and K" as counter-ions if the layers are mutually aligned. This process may be
important in the fusion mechanism of biological membranes, and its molecular modeling has been carried out.
© 2002 Published by Elsevier Science B.V.

Keywords: Phospholipids; Differential scanning calorimetry (DSC); FTIR modeling

1. Introduction

Bioelectrolytes, including phospholipids (PL), act in the
aqueous solution in the hydrated form. Hydrating water
molecules adhere to polar dipoles. The same polar residues
tend to interact when they are juxtaposed. Thus, competition
between hydration and interpolar group interaction is
expected. In bilayer layers, as in multilamellar liposomes,
the headgroups are hydrated, but their degree of hydration
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2001. A collection of these papers has also been published in previous
issues of this Journal 55/1-2 and 56/1-2.
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may be restricted by the competition with the lateral inter-
action between the headgroups. To demonstrate this, one has
to compare the degree of hydration of the phospholipids in
continuous uninterrupted bilayers, and in bilayers where the
continuity is interrupted and boundary lipids lacking nearest
neighbors to interact with are exposed. Two hydration
strengths of phospholipids have been observed. The first
few (up to six or seven in different phospholipids and more
than 20 in gangliosides) [1,2] hydrating water molecules
adhere to the phospholipids so strongly that they are
rendered unfreezable. This means that either the free energy
of the adhering water molecules is lower than that of ice in
the whole temperature region, or that every consecutive
water molecule attached to the phospholipid binding sites
freezes at different temperatures and the transition region
extends over a wide temperature range and cannot be
discerned from the background in differential scanning
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Fig. 1. Hydration of phospholipid—cholesterol mixtures, moles of water
bound per mole phospholipid as a function of molar fraction of cholesterol
X (chol), OO, DMPS—cholesterol mixtures; HE, DMPC-cholesterol
mixtures.

calorimetry (DSC) measurements. A larger number of water
molecules is needed to bestow on the phospholipids all the
properties required for functioning in the aqueous environ-
ment [3,5]. When phase separation of cholesterol dissolved
in the phospholipid starts, an increasing number of phos-
pholipid molecules become situated on boundary lines, with
restricted lateral interaction possibilities with other phos-
pholipids. This may affect and probably increase their hy-
dration. On the other hand, interbilayer interaction between
headgroups induced by correlated electrostatic attraction
may cause their dehydration. These phenomena were shown
experimentally and their feasibility was demonstrated by
molecular modeling.

2. Experimental

Dimiristoy] phosphatidyl serine sodium salt (DMPS) was
purchased from Avanti Polar Lipids. Dimiristoyl phospha-
tidyl choline (DMPC) and dipalmitoyl phosphatidyl serine
(DPPS) were purchased from Sigma and phosphatidyl
serine from bovine spinal cord (SCPS) was purchased from
Lipid Products (South Nutfield, UK). Cholesterol from
Merck was extra pure and recrystallised from ethanol before
use. The lipid mixtures were prepared in chloroform/meth-
anol (2:1, v/v). After removing the solvent by a stream of
nitrogen and in vacuum, weighed samples were either
dispersed in water (for preparation of oriented multilayers
on the Ge crystals for the ATR-FTIR measurements), or
weighted amount of water was added to them in the pans for
differential scanning calorimetry (DSC). The FTIR meas-
urements were performed on a Perkin Elmer Model 1600

FTIR spectrophotometer, for ATR using a 2-mm-thick Ge
prism cut to 45* The calorimetric measurements were
carried out on a Du Pont 990 Thermal Analyzer, equipped
with cell base 2. The number of water molecules per
phospholipid in the oriented phospholipid layer was inferred
from the vibration band intensity ratios of the water OH
stretching band at 3250 cm™', and the CH, stretching at
2920 cm™' or CO stretching band at 1730 cm ™' (in the
presence of cholesterol) [1,4,5]. Low angle X-ray diffraction
was carried out on thin layers deposited on the outer surface
of a Li glass capillary. An Elliot GX-6 generator, at 1.2 kW,
with a Cu anode 0.2-mm focus was the X-ray source [7].
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Fig. 2. (a) Dependence of the dichroic ratio R on the number of water
molecules added per molecule of DPPS as determined from the measured
ratio 4 (3400 cm™')/4 (1230 cm™') after apropriate calibration [4] for
different concentrations of cholesterol. Molar fractions of cholesterol (X):
0, X=0; ®, X=0.2; O, X=0.3; A, X=0.6. Points—experimental curves
drawn according to Eq. (1). (b) Number of water molecules adhering and
oriented by a molecule of DPPS as a function of the molar fraction of
cholesterol in the mixture.
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3. Results and discussion

Phospholipid hydration by tightly attached (unfreezable)
water molecules is expected to be enhanced, when inter-
phospholipid interactions are interrupted by cholesterol
clusters and the phospholipid molecules at the phase boun-
dary line lack part of their phospholipid neighbors and are
exposed instead only to the competing water molecules.

This is shown in Fig. 1 and in Ref. [1] for dipalmitoyl
phosphatidyl choline (DPPC) and for dipalmitoyl phos-
phatidyl serine (DPPS). The firmly attached water mole-
cules are also expected to be oriented in aligned phospho-
lipid multibilayers [4] and this is indeed the case as shown
in Fig. 2a, where the dichroic ratios of water OH stretching
frequency band, are given as a function of the number of
water molecules added per phospholipid molecule. The
dichroic ratios vary from 2, characteristic for random
orientation at large excess of water, to about 2.8 when all
the water molecules are oriented. In addition, the number
of oriented water molecules per phospholipid increases, as
shown for DPPS in Fig. 2b, when phase separation of
cholesterol starts. Phase separation, as indicated by the
increase of water attachment to phospholipids, occurs at
lower cholesterol concentration than by any other method.
This shows that water attachment to phospholipids starts
increasing already in the presence of small cholesterol
clusters, undetectable either by PSC or X ray, which allows
for a large number of phospholipids to be at the lipid
cholesterol boundary line. A number of water molecules,
which do not adhere tightly to the phospholipids but affect
their thermotropic properties, also lower the vibration
frequencies of different polar residues. A convenient way
to determine the frequency shift is from the difference
spectra, between the spectra in the presence and in the
absence of water. The frequency shift yields positive and
negative peak in the difference spectrum [5]. In Fig. 3, the
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Fig. 3. Difference absorbance amplitude (difference between positive and
respective negative peaks) of DMPC due to the frequency shift by hydration
of different residues, normalised with respect to their vibration band
absorbance against the number of water molecules per DMPC, expressed as
An,o/Ach,: OO, asymmetric stretching of PO,_; AA, symmetric stretching
of PO,_; ww, stretching and of CO.
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Fig. 4. (a) Time dependence of the ATR-FTIR spectra of PS multibilayers
wetted by H,O. Phosphatidylserine from spinal cord (SCPS) (__ ) spectrum
of film freshly prepared from aqueous suspension. (- - -) Spectrum obtained
during 5-min scan immediately after wetting by H,O. (-.-) Spectrum
obtained at room temperature 15—20 min after wetting. In the last two
cases, water spectra were subtracted. (d) Spectrum obtained after 2-h drying
at 37 °C. (b) Time dependence of the measured d-spacings of the most
intense X-ray reflections of a DMPS film, during controlled exposure to
water (@). fp=1050 min. (X) after withdrawal from the hydrating envi-
ronment.

positive and negative peak difference of different bands is
plotted against the number of water molecules per phos-
pholipid added, calculated from the measured ratios of the
water OH peak to the CO peak. The spectral results
correspond qualitatively, but not quantitatively, with the
DSC results as only similar but identical properties are
measured by the two methods.

In the same way as decrease in lateral interaction
between headgroups can enhance hydration, enhanced inter-
action between headgroups, be it lateral or between opposite
polar layers, can cause dehydration. Such a dehydrating
interaction between facing each other surfaces of phospha-
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Fig. 5. Conformation of opposite polar layers of PS interacting through salt
bridge and hydrogen bond formation. (A) Salt bridges with coordination of
the counter-ion (violet) with oxygen (red) stemming from phosphates and
from carboxylate—as indicated—are highlighted. Phosphates indicated
only by yellow bonds. (B) Hydrogen bonds between ammonia from one
plane with sn-carbonyl in the other plane highlighted. (C) Schematic
presentation of the salt bridging between phosphates of opposite planes by
the counter-ions.

tidyl serine can be induced by multivalent cations, e.g. Ca*",
which results in dehydrated cochlate formation and charac-
teristic change in IR spectrum [6]. Such a change in
spectrum with consecutive dehydration, demonstrated by a
decrease in the proton by deuteron exchange rate in the
ammonium residue by many orders of magnitude, can also
be obtained in the presence of univalent counter-ions, if the
multibilayers are aligned in planar configuration, eliminat-

ing the possibility of spontaneous liposome formation. The
change in the IR spectrum and in the repeat distances with
time [7] is shown in Fig. 4a and b. These conformational
changes proceed only in the presence of water even though
the final configuration is dehydrated. Molecular modeling,
taking into account molecular radii and minimizing the
interaction energies [8], yielded a multimolecular confor-
mation, including the aligned headgroups and their counter
ions as shown in Fig. 5.
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Abstract

The electrochemistry of Co,C0,SOD and Cu,Co0,SOD on a pyrolytic graphite electrode (PGE) without using mediators was investigated
by cyclic voltammetry (CV) and differential pulse voltammetry (DPV). The reversible and quasi-reversible voltammetric responses were
observed for Co,C0,SOD and Cu,Co0,SOD, respectively. Their formal redox potentials and electron numbers involved in electrode reactions
were obtained, and are in agreement with those by spectroelectrochemistry (SEC).

© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Cu,Zn,-superoxide dismutase (Cu,Zn,SOD) is a dimeric
enzyme consisted of two identical subunits, each containing
one copper(Il) and one zinc(II) ions, which are bridged by
imidazolate. The catalytical reaction occurs at the site of
copper, and zinc plays a role in stabilizing protein structure
[1]. When copper(Il) and zinc(Il) in the native enzyme were
substituted partially or completely by cobalt(Il), two deriv-
atives, Cu,Co0,SOD and Co0,Co0,SOD, were obtained. The
catalytic activities of Cu,Zn,SOD and its derivatives are
related to their redox properties. Therefore, many scholars
have paid attention to the studies on their electrochemical
behaviors [2—4]. Claire et al. [5] have studied the temper-
ature dependence of the reduction potential of Cu,Zn,SOD
by spectroelectrochemistry. Afterwards, the redox potentials
of Cu,Zn,SOD and its mutants were also reported [6]. In
their systems, the promoters or mediators were used in order
to enhance the rate of electron transfer and to decrease the
absorption of proteins. Recently, we investigated success-
fully the redox behaviors of Cu,Zn,SOD and its reconsti-
tuted products on dropping mercury electrodes in the
absence of the mediators by cyclic voltammetry and direct
current polarography [7]. Also, Daniele et al. [8] determined

* Corresponding author. Fax: +86-2533-177-61.

the activity of Cu,Zn,SOD by steady-state voltammetry
using mercury microelectrodes. These two examples show
that the direct method without using mediators also would
obtain the satisfactory results. In this paper, the electro-
chemical behaviors of C0,C0,SOD and Cu,Co0,SOD were
investigated by cyclic voltammetry (CV) and differential
pulse voltammetry (DPV) on a pretreated pyrolytic graphite
electrode (PGE) as well as by spectroelectrochemistry
(SEC). The redox potentials and electron numbers of
C0,C0,SOD and Cu,Co,SOD involved in electrode reac-
tions on PGE were obtained and were in accordance with
those by spectroelectrochemistry. The experimental results
showed that the direct voltammetry on PGE for the inves-
tigations of C0,Co0,SOD and Cu,Co,SOD was feasible and
gave the explanation of inactivity of Co,Co,SOD. Although
Co0,C0,SOD has been researched by '"HNMR and other
methods, but to our knowledge, it is studied by electro-
chemical method for the first time.

2. Experimental
2.1. Materials
All chemical reagents were of A. R. grade and were

recrystallized in twice-distilled water before use. SOD was
extracted from bovine erythrocyte by the methods of the

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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previous authors [3,9]. The purified SOD had only one
homogeneous and clear band in polyacrylamide gel electro-
phoresis. The specific activity was assayed by xanthine
oxidase method to be 6000 units mg ~'. The parameters
of EPR and peak values of UV spectra were in agreement
with those in the previous reports [10]. The ratio of A,gy/
Aggo was 31. Its Cu and Zn contents were measured by
inductively coupled plasma spectrometry to be 0.398% and
0.402%, respectively, being consistent with the calculated
values 0.387% and 0.399%. The C0,C0,SOD and Cu,Co,
SOD were prepared by the methods reported previously and
were characterized by elemental analysis and spectroscopy
[11,12]. The specific activity of Cu,Co,SOD were 5500
units mg ~ ', being 95% of the native enzyme, and Co,Co,
SOD scarcely displayed activity.

Xanthine oxidaze/xanthine system was employed for
producing O, [9], SOD competed with cytochrome ¢
for O, 7, resulting in the variation of the absorbance of
cytochrome ¢ at 550 nm. The variation of the absorbance at
550 nm was recorded for calculating the activity of SOD.

2.2. Electrochemical measurements

Cyclic voltammetry and differential pulse voltammetry
measurements were carried out on an EG&G PAR 270
electrochemical analysis system with Model 273 potentio-
stat. A pyrolytic graphite electrode (area 0.054 cm?) was
employed as working electrode, a saturated calomel elec-
trode as reference electrode, and a platinum coil wire as
auxiliary electrode. A cell with content of 3 ml was used.
All experiments were carried out under argon atmosphere
and at 25 + 0.10 °C. The blank solution containing 0.05 mol
dm ~* HAc-NaAc buffer, (ca. pH=5.6) and 0.1 mol dm ~ >
NaClO,4 was used for electrochemical and spectroelectro-
chemical experiments. The solution containing Co,Co0,SOD
or Cu,C0,SOD ca. 5.0 x 10 ~ 2 mol dm ~ * was prepared by
adding weighed sample into the blank solution and was
injected into the cell and then deaerated for c.a.15 min
before applying the voltage. The PGE was polished care-
fully by metallographic coated abrasive (1700 mesh, Elec-
troanalytical Instruments, made in China), and then cleaned
by ultrasonic for 10 min in twice-distilled water. The
electrode was immersed immediately in a blank solution
for ca.10—15 min, and then scanned cyclically from +0.6 to
— 1.5 V until a reproducible base current was obtained.
Afterwards, the electrode with absorbed solution membrane
was removed from the blank solution without washing and
transferred to the solution to be assayed to record the CV and
DPV curves. For CV experiments, the midpoint potential
E,, (or formal redox potential E®) values were calculated
from (E,a+Epc)/2 (where Ep, and E, are the anodic and
cathodic peak potentials, respectively). In DPV experiment,
E} ), values were obtained by the Parry—Osteryoung rela-
tionship, E,,=FE,+AE/2. Each measurement was repeated
several times and the redox potentials were found to be
reproducible within &+ 5 mV. Unless otherwise stated, all the

potentials reported are referred to the standard calomel
electrode (SCE).

2.3. Spectroelectrochemical measurements

The spectroelectrochemical measurements of Co,Co,.
SOD and Cu,Co,SOD were performed by using a optically
transparent thin-layer electrochemical cell as described by
Heineman et al. [13]. The thin-layer electrochemical cell is
consisted of a reticulated pyrolytic graphite electrode
(OTTLE) which was sandwiched between two quartz slides
separated by 0.8 mm. The OTTLE was made by cutting the
pyrolytic graphite (Prifzer, USA) into minigrid. Its area
within the thin-layer cell was approximately 0.8 x 2.8
cm?, and the cell volume was ca. 0.6 ml. The open end of
the cell was dipped into a small cup, several milliliters of the
solution (2.07 x 10 ~* mol dm ~* C0,C0,SOD in the blank
solution) was poured into the cup. The saturated colomel
and Pt coil wire electrodes were also immersed in the cup.
The set was placed in the sample compartment of a shimadz
UV-3100 spectrophotometer. The experiments were per-
formed under anaerobic condition by varying the potentials
applied across the cell. At each applied potential, a spectrum
was recorded after equilibrium was established, namely,
absorbance reached a constant value, it needed about 5
min. The redox potential £° and the electron number n
involved in the reduction reaction were obtained by the
following equation:

Eqpp = E° — (0.059/n)log[(4 — 4..)/ (4o — 4)] (1)

where E,,, denotes applied potential. 4, absorbance at 596
nm and at given applied potential. 4, and 4 ,, absorbance of
oxidation form and reduction form for Co,Co,SOD, respec-
tively.

3. Results and discussion
3.1. Cyclic voltammetric behaviors

The cyclic voltammograms of Co,Co0,SOD and Cu,Co,
SOD were shown in Fig. 1. In the scan range from —1.10
to —1.45 V, only the Co0,C0,SOD displayed a redox
process, but the Cu,Co,SOD is inactive electrochemically.
By subtracting CV curves of blank solution from curve 1,
the difference spectrum was obtained (Fig. 1(a), inset). It
showed one pair of well-defined redox peaks with peak
potentials E,.=— 1.289 V, Ey,=—1.237 V and the ratio of
cathode current to anode one iy /i o Was close to unity. The
separation of anodic from cathodic peaks AE, was 52 mV,
which was independent on the scan rates of in the range of
0.06-0.50 V s~ '. Both ipc and #,, were varied proportion-
ally to the square root of potential scan rate v'’? (Fig. 2). The
results indicated that the electrochemical process was rever-
sible and the electrode reaction was controlled by diffusion
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Fig. 1. Cyclic voltammograms of C0,C0,SOD and Cu,Co0,SOD in the
presence of 0.05 mol dm ~ 3 HAc-NaAc and 0.1 mol dm ~ 3 NaClO,, scan
rate 100 mV s~ '. Full line: Co,C0,SOD and Cu,Co,SOD, broken line:
blank solution. (a) 4.88 x 10 ~> mol dm ~* C0,C0,SOD. Inset: difference
curve between the curve of test solution and the blank one. (b) 4.68 x 10~
mol dm ™3 Cu,Co,SOD.

of protein molecules from bulk solution to electrode surface.
One pair of peaks in the voltammogram could be designated
to be single-electron redox peaks of cobalt(Il) in native
copper site of Cu,Zn,SOD (see below). The electrode
reaction was given as follows:

1/2CoYCo’SOD + e — 1/2C05CoySOD
E° = —1.263 V (SCE)

During scanning from —0.3 to+0.6 V, only Cu,Co,SOD
gave one pair of redox peaks with E,.=+0.209 V,
Ep=+0.028 V, i, =0.131 pA, i,,=0.137 pA, ip/ip.=1.0
and AE,=+0.181 V (Fig. 1(b)). The results showed that
the electrochemical process was quasi-reversible with
E1»,=+0.119 V (SCE), or +0.361 V (NHE). This pair of
redox peaks was attributed to the reduction of copper(Il) in
Cu,Co,SOD. Azab et al. [6] have reported that the E;/,
values of Cu,Co,SOD on modified gold electrode were in
the range 0f 0.36—0.42 V (NHE). The E, , values of Cu,Co,
SOD obtained on PGE is in agreement with those of Azab.

0.30+

0.154

0.10 . . . : : :
0.2 0.3 0.4 0.5
12 -1\1/2
v (v.s))

Fig. 2. Dependences of cathodic and anode peak current #,. and i, on 12

for Co,Co0,SOD. The conditions were the same as Fig. 1.

We studied the electrode process by differential pulse
voltammetry on PGE for deep insight. A DPV curve was
illustrated in Fig. 3. The reduction peak potential E, of
Co0,C0,SOD appeared at — 1.225 V, the half-width value
W1, 0.085 V was close to reversible one-electron reduction
process (0.090 V). The E,,, value —1.250 V was approx-
imate to — 1.263 V, which was obtained by CV. In Fig. 3
when the applied voltages were lower than — 1.4 V, the
current of blank solution increased rapidly with the decre-
ment of the voltage. This resulted from the electrolysis of
hydrogen ions in the solution with pH 5.6. Therefore, we
obtained slightly asymmetrical curve in pulse voltammo-
gram of Co,Co0,SOD. As the same way, the E;,, value of
redox of copper(Il) in CuyCo,SOD was obtained to be 0.110
V (SCE), or 0.352 V (NHE).

The diffusion coefficient of Co,C0,SOD in the solution
was 7.45x 10~ 7 ecm? s !, calculated by Randles—Sevcik
equation, using the slope of line (0.613x 10 ¢ A (V
s~ 7Y in Fig. 2. It is in agreement well with that of
SOD (7.4%x 107 ecm® s~ ') obtained by direct current

IQZUA

1

—112 —£.4
E (V vs. SCE)

Fig. 3. Differential pulse voltammogram of 1—4.88 x 10 ~> mol dm
C0,C0,SOD, 2—a blank solution. Scan rate: 0.5 mV s~ !, pulse height:
10 mV, pulse width: 50 mV.

-1.0
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polarograph [7]. The result demonstrated that diffusion
coefficient was kept constant when all copper(Il) and
zinc(Il) in Cu,yZn,SOD were replaced by cobalt(Il).

3.2. Spectroelectrochemical studies

Cu,Co0,SOD prepared by us has three absorption bands
in electronic spectra which were contributed by cobalt(Il) in
Cu,Co,SOD. A maximum absorption band at 595 nm
(6=432 mol ~! dm® cm ") [11], a distinguished band
around 565 nm and a shoulder band at 532 nm were
observed, implying that the cobalt(Il) was bound in a
tetrahedral coordination environment. In addition, a broad
absorption centered at 680 nm (¢=298 mol ~ ' dm® cm ~ ")’
was assigned to d—d transition of copper(Il) bound to
protein. When the solution of Cu,Co0,SOD in the spectroe-
lectrochemical cell was reduced at about — 1.4 'V, the broad
absorption band at 680 nm rapidly decreased with time and
disappeared finally, but the absorption band characteristic of
cobalt(Il) in Cu,Co,SOD scarcely varied (Fig. 4(a)). This
showed that only copper(Il) in Cu,Co,SOD was reduced
completely at about — 1.4 V, but cobalt(Il) in zinc site of

0.00

550 600 650

(b) nm

0.10¢
0.05 ¢t
0.00¢t
550 600 650
A (nm)

Fig. 4. Spectra of Co,Cu,SOD (a) and C0,C0,SOD (b) solution containing
SOD 2.07 X 10~ mol dm ~ 3, NaClO, 0.1 mol dm ~ * and HAc-NaAc 0.05
mol dm ~ 3. Cell thickness: 0.8 mm. Applied potentials: 0 0.000 V, 1—1.100
V, 2—1.200 V, 3—1.250 V, 4—1.300 V, 5—1.400 V.

-1.14
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Fig. 5. The plot of E,p, vs. log[(4 — A4 0)/(4, — A)].

Cu,Co0,SOD did not display electroactivity. Therefore, it is
undoubted that the pair of redox peaks with E;,=+0.361 V
(NHE) in Fig. 1(b) ought to be designated to the reduction
of copper(Il) and re-oxidation.

Three visible absorption bands of Co,Co0,SOD were
observed at 539 nm (¢=608 mol ~' dm® cm '), 568 nm
(=790 mol ~' dm® cm ') and 596 nm (¢=804 mol '
dm® cm ). Their peak values and molar absorption coef-
ficients were close to those reported previously [12]. Fig.
4(b) showed visible absorption spectra of Co,Co,SOD
obtained using different applied potentials. According to
Eq. (1), the values of formal redox potential E°(Co"/Co")
and the electron number n were obtained by plotting £, vs.
log[(4 — A..)/A, — A] (Fig. 5). The plot is linear as predi-
cated by Eq. (1), n was 0.85 calculated by the slope and E°
was — 1.245 V obtained by the intercept. The formal redox
potentials of C0,C0,SOD and Cu,Co,SOD obtained by
three methods were listed in Table 1.

In Table 1, the reaction of Co,C0,SOD was one-electron
process with very negative potential relative to that of
Cu(IT)/Cu(I) couple in Cu,Co,SOD. Therefore, the Co,Co,
SOD was shown to be inactive in biological significance. It
is remarkable that the values of E° obtained by cyclic
voltammetry and differential pulse voltammetry were in
agreement well with that by spectroelectrochemistry. This
means that none of Cu,Co,SOD and Co0,C0,SOD were
denatured on the pretreated pyrolytic graphite electrode.

It is well known that the rates of heterogeneous electron
transfer between proteins and electrode surfaces not only

Table 1
The formal redox potentials of C0,C0,SOD and Cu,Co,SOD in the
presence of 0.1 mol dm ~* NaClO, and 0.05 mol dm ~* HAc-NaAc

Method C0,C0,SOD Cu,C0,SOD

CvV DPV SEC (A DPV
E° (V, SCE) —1.262 —1.250 —1.245 +0.119 +0.110
N 1.04 1.07 0.85

pH=5.6, 25 °C.
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depend on the purity of proteins [3,14], the pretreatment of
electrodes [15], but also on the ionic strength of solutions
[16], because the ionic strength plays an important role in
adjusting the coulombic attraction between proteins and
electrode surfaces, and also in enhancing the rates of
electron transfer. In our experiments, the PGE was im-
mersed for 10—15 min in blank solution with definite ionic
strength before measurement, and the clear voltammograms
were obtained. However, if the electrode was not treated, only
a very weak and insignificant current signal was obtained. We
consider that a homogeneous absorbed ionic membrane was
formed during immersing the PGE in blank solution, the
absorbed membrane played an important role in reducing
the coulombic attraction between proteins and electrode sur-
face, in decreasing the adsorption of proteins on the electrode
surface and in enhancing the rate of electron transfer between
the electrode and proteins. So we could obtain the well-
defined peaks of Cu,Co,SOD and Co,Co,SOD.

Thin-layer spectroelectrochemical method has been used
effectively in the study of biological molecules, which are
difficult to be investigated by electrochemical methods [5].
We have compared the results of direct electrochemistry of
C0,C0,SOD with those of spectroelectrochemistry. They
confirm that this direct voltammetry on pretreated pyrolytic
graphite electrode is feasible to investigate Co,Co,SOD and
CU2C02SOD.
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In the second paragraph on p. 113, “(e.g. [K 7],=0.044
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