
Ž .Biophysical Chemistry 87 2000 167]178

Electromigration of polyion homopolymers across
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Abstract

The analysis of polyion transmembrane translocation was performed using membrane electrical equivalent circuit.
The dependence of polyion flux across membranes on time, membrane electrical conductance, membrane electrical
capacitance, degree of polymerization, water solution conductance and applied transmembrane potential is discussed.
The changes in polyion flux were up to 88% after 1 ms. Both the increase of polyion chain length and the decrease of
membrane conductance resulted in the diminution of this effect. Inversion of flux direction was observed as a result
of external potential changes. Reversal curves, representing the values of considered parameters for zero-flux were
also shown. The replacement of a polyanion by a polycation of the same chain length resulted in the same shape of
the surface plot but with opposite orientation. The analysis describes the effect of transmembrane potential on the
translocation rate of polyanionic polysialic acid and polynucleotides, and polycationic peptides across membranes.
Q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Ž .Polysialic acid polySia chains are linear ho-
Žmopolymers the degree of polymerization Ds;

. w x8]200 of a-2,8-linked sialic acid 1 . The valency
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of this polyanion corresponds to the degree of
polySia polymerization. The minimum chain
length of polySia reflects characteristic formation

w xof a helical conformation 2 . In neural cells
polySia is attached to neural cell adhesion

Ž .molecule NCAM , the only confirmed cell sur-
face polySia carrier in vertebrates, through a de-
velopmentally regulated process. PolySia is able
to attenuate adhesion forces and modulate over-
all cell surface interactions, thereby orchestrating
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dynamic changes in the shape and movement of
w xcells, as well as their processes 3 . The concentra-

tion of polySia at the cell surface results from the
combination of several regulatory mechanisms.
One is biosynthesis, which probably depends on
the level of transcription andror activity of the
polysialyltransferase. The other mechanisms are
biosynthesis independent. They involve intracellu-
lar trafficking to and from the cell surface, as well
as degradation. It can be speculated that the
latter processes result in rapid changes of polySia
surface expression, whereas changes in biosynthe-
sis would be observable only after longer periods

w xof time 3 .
PolySia chains constitute a structurally unique

group of carbohydrate residues that covalently
modify surface glycoconjugates on cells that range
in evolutionary diversity from bacteria to human

w xbrains 4,5 . Expression of the polySia capsule on
the surface of neuroinvasive Escherichia coli K1
and N. meningitidis serogroup B and C cells is
important in pathogenesis, since it appears to
facilitate bacterial invasion and colonization of
the meninges in neonates. The capsule in E. coli
K1 strains is a receptor for polySia specific bacte-
riophages that require expression of the capsule

w xfor infectivity 4,5 . The degree of polymerization
of polySia in bacterial cells can extend beyond

w x200 polySia residues 6 . PolySia is an oncodevel-
opmental antigen in human kidney and brain, and
may enhance the metastatic potential of Wilms

w xtumor cells and neuroblastomas 3 . These novel
carbohydrate chains also appear to have a regula-
tory role in cell growth, differentiation, fertiliza-

w xtion and neuronal pathogenicity 3 . Studies on
the function of polySia suggest that its primary
role is to promote developmentally controlled and
activity-dependent plasticity in cell interactions
and thereby facilitate changes in the structure

w xand function of the nervous system 7 . PolySia
appears also to be an important regulatory ele-
ment in neural plasticity, nerve regeneration and

w xas an oncofetal marker on tumor cells 7 . Al-
though a lot of surface molecules regulate cell-cell
interactions, polySia appears unique both in its
simple structure and in the multitude and com-

w xplexity of events it might control 3 .

The transmembrane translocation of polySia
chains across the inner membrane of E. coli K1
bacterial cells requires both the membrane proto-
motive force and the transmembrane electrical

w xpotential gradient 4,5 . The genes encoding pro-
teins necessary for synthesis and expression of the
polySia capsule in E. coli K1 have been cloned

w xand characterized 8 . In E. coli, the 12]14 genes
required for these processes are located in a
multiple kps cluster. The 17 kb kps cluster is

w xdivided into three functional regions 9 . The cen-
tral region 2 contains the information for synthe-
sis, activation and polymerization of sialic acid.
Region 3 genes are postulated to be involved in
transport of polySia across the bacterial inner
membrane while region 1 genes appear to func-
tion in the transport of polymers to the external
surface of the outer membrane. In the present
paper the analysis of polySia translocation across
the inner membrane in E. coli K1 has been
performed using the method of the electrical
equivalent circuit of the membrane. The theoreti-
cal study presents a dependence of polyanion flux
through membrane on time, membrane electrical
conductance, membrane electrical capacitance,
degree of polymerization, water solution conduc-
tance and applied transmembrane potential. The
derivation is based on the equivalence electrical
circuit of the investigated system. The calcula-
tions and graphs were done using the Mathemat-

Ž .ica Wolfram Research, Inc. computational pro-
gram. A similar study was also performed for
polycationic homopolymers.

2. Theory

Hodkin and Huxley used an equivalent circuit
and Ohm’s law to derive a relationship between
total membrane current and the membrane ca-
pacitance, the membrane voltage, the time, ion
and leakage conductances, the equilibrium poten-
tials for each of the ions, which they applied to

w xnerve signaling 10 . Attempts to modify the Hod-
kin]Huxley equations have met with limited suc-
cess. In order to include the effects of an electro-
genic ion pump on the membrane potential Mul-
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lens and Noda added a factor to the Goldman
w xequation 11 . Modifications of the Hodkin]Hux-

ley equation have been applied to solve for mem-
brane voltage in the presence of electrogenic

w xpumps 12 . Non-equilibrium thermodynamics
have been used to analyze transport in animal

w xcells 13 . Martin and Harvey applied ionic circuit
analysis to examine transport in lepidopteran

w xmidgut components 14 . In their analysis the
concept of electrical equivalent circuit for mem-
brane was extended to include components found
in membrane ionic transport systems. Each of the
electrical components represented a correspond-
ing physical component in the membrane systems:
capacitors represented the plasma membrane with
its insulating lipid core separating two conductive
aqueous solutions, resistors represented the vari-
ous ionic channels found in the membrane, bat-
teries represented energy sources driven by
chemical reactions or ionic gradients having an

Ž .electromotive force emf equal to the corre-
sponding Nernst equilibrium potential. Ideal bat-
teries have a constant output potential de-
termined by the free energy of the chemical reac-
tion. In the case when the internal resistance is in
series with an idealized battery and the battery
discharges, the open-circuit potential of the bat-
tery remains constant whereas the closed-circuit
output voltage decays. The models, having the
form of equivalent electrical circuits, can be sub-
jected to standard electrical circuit analysis tech-
niques to describe quantitatively the voltage and
current relationships among the components.
These fundamental techniques of circuit analysis
include Ohm’s law and Kirchhoff’s laws. Pumps
are special cases of porters and the input side of a
pump can be driven by the free energy, the pump
potential, expressed in volts of the chemical reac-

Ž . w xtion e.g. ATP hydrolysis 15 . Viewing the en-
ergy distributions in membranes as the functions
of the voltage, current, capacitance and resistance
parameters of the pumps, channels, membranes
and compartments of the system presents an op-
portunity to use computer programs. These pro-
grams allow study of how different circuit con-
figurations can quantitatively affect the operation
of a system.

Fig. 1. The equivalent electrical circuit of a biomembrane,
Ž y1 y2 .where: G V ?cm is the electrical conductance of thep

Ž y1 y2 .ion pump; G V ?cm is the electrical conductance ofd
Ž y1 y2 .the membrane for the diffusion process; G V ?cm iss

the electrical conductance of the bathing solution and the
Ž . Ž .electrodes; E V is the diffusion potential; E V is thed p

Ž y2 .electromotive force of ion pumps; i A?cm is the total
Ž y2 . Ž y2 .current; i A?cm is the diffusive current; i A?cm isd p

Ž y2 .the current passing through the pumps; i A?cm is thec
Ž .capacitive current per the surface unit; V V is the electricalm

Ž y2 .potential of the membrane; C F?cm is the capacitancem
Ž . Ž .of the membrane; V t V is the external potential source.

The switch, S, closes the circuit at the time ts0.

3. Derivation of the flux equations

The electrical equivalent circuit of the mem-
brane is presented in Fig. 1. The left-hand branch
of the circuit represents the passive diffusion of
ions across the membrane; the membrane resis-

Ž y1 .tance G is connected in series with the elec-d
Ž .tromotive force E which is equivalent to thed

Ž .diffusion potential. The next going to the right
branch represents the electrogenic pumps which
actively transports ions out of the cell; G is thep
total conductance of the electrogenic pumps
located in the membrane; E is the electromotivep

Ž .force of the electrogenic pumps. C , G and V tm s
represent the membrane capacitance, the electri-
cal conductance of the bathing solution and the
electrodes, and the external potential source, re-
spectively. The switch, S, closes the circuit at the
time ts0. From the first Kirchhoff’s law we have:

Ž .is i q i q i 1d p c
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Ž y2 .where i A?cm is the total current, i is thed
diffusive current, i is the current passing throughp

Žthe pumps, i is the capacitive current all cur-c
.rents per unit area .

The currents can be calculated from Ohm’s
laws:

Ž .i sG V yEd d m d

Ž .i sG V yEp p m p

dVm Ž .i sC 2c m d t

Ž . Ž y1 y2 .where t s is time, G V ?cm is the electri-d
cal conductance of the membrane resulting from

Ž .diffusion process, E V is the diffusion poten-d
Ž y1 y2 .tial, G V ?cm is the electrical conductancep

Ž .of ion pumps, E V is the electromotive force ofp
Ž y2 .ion pumps, C F?cm is the capacitance of them
Ž .membrane, V V is the electrical potential ofm

the membrane.
Ž . Ž .After inserting Eq. 2 into Eq. 1 we obtain:

dVmŽ . Ž . Ž .isG V yE qG V yE qC 3ad m d p m p m d t

and after transforming:

dVmŽ . Ž .isV G qG y G E qG E qCm d p d d p p m d t
Ž .3b

The electrical conductance of the membrane
Ž y1 y2 .G V ?cm can be presented as:m

Ž .G sG qG 4m d p

In the case, when the membrane potential, V ,m
equals to the resting potential, E , the currentr
passing through the membrane i s i q i .r d p
Therefore:

Ž .E G sG E qG E 5r m d d p p

Ž .The resting state of the membrane V sE ism r

represented by the switch, S, in the ‘open circuit’
Ž . Ž .position. Combining Eqs. 3b ] 5 we get:

dVm Ž .isV G yE G qC 6m m r m m d t

From the second Kirchhoff’s law:

Ž .VsV q2V 7m s

Ž . Ž .where V V is the external potential, V V iss
the drop of the electrical potential on the electri-

Ž .cal resistance, R V , of the bathing solution ands
electrodes.Therefore:

2 i Ž .V sVy 8m Gs

w y1 y2 xwhere G V ?cm is the electrical conduc-s
tance of the bathing solution and the electrodes,
G s1rR s irV .s s s

Ž . Ž .After inserting Eq. 8 into Eq. 6 and rear-
ranging we get:

2G 2C d i dVm mi 1q q ? sG VyE G qCm r m mž /G G d t d ts s

Ž .9

Ž y1 y2 .Since isJzF, where J mol?s ?cm is the
ion flux through membrane, z is the ion valency,

4 Ž y1 .Fs9.65=10 C ?mol is the Faraday’s con-
stant, we obtain:

2 zFG 2C zF d Jm mJ zFq q ?ž /G G d ts s

dV Ž .sG VyE G qC 10m r m m d t

After substituting for:

2 zFG 2C zFm mAszFq and BsG Gs s

Ž .we can write Eq. 10 in the form:

d J dV Ž .AJqB sG VyE G qC 11m r m md t d t
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Ž .Eq. 11 represents a first order differential
equation. This equation have been solved for

Ž Ž .VsV the electrical potential source, V t , keeps0
.the external potential, V, at the level V for the0

Ž .initial condition, J ts0 sJ :0

Ž .G V yEm 0 rŽ .J t s A

Ž .G V yEm 0 r yŽ A r B . t Ž .q J y e 120 A

Ž .Eq. 12 describes the unidirectional flux of
polyions across the membrane. In this paper we

Ž .used Eq. 12 to analyze the relationship between
the flux of polyion chains across the membrane
and the variables as: membrane conductance,
membrane capacitance, polyion degree of poly-
merization, external potential and time.

4. Results and discussion

The membrane-associate polysialyltransferase
complex in E. coli K1 catalyses the synthesis,
transmembrane translocation and assembly of
capsule polymers containing a-2,8-ketosidically
linked polySia. To determine the molecular
mechanism of the translocation of sialyl polymers
across the inner bacterial membrane, an in vivo

w xsystem was developed 4,5 which used sphero-
plasts prepared from E. coli K1 cells that are

Ž .unable to degrade sialic acid nanA4 mutation .
PolySia chains that have been translocated across
the inner membrane were differentiated from
those chains remaining inside by their sensitivity
to depolymerization by endoneuraminidase. After
pulse-labeling the spheroplasts with 14 C-Neu5Ac,
synthesis and translocation were followed kineti-
cally and the theory of compartmental analysis
was applied for determination of polySia distribu-
tion between different compartments. The studies
showed that both Dm and Dc are actively in-H
volved in the transmembrane translocation of
polySia and suggest that the relatively large trans-
membrane electrical potential gradient, up to

Ž .y150 mV negative inside , that is generated
across the E. coli inner membrane, may facilitate

the movement of these polyanions across the
membrane.

In this study we used the electrical equivalent
circuit analysis in order to present a biophysical

w xmodel of the observed by us in 4,5 modulation
of polySia transmembrane translocation rates by

Ž .the ionophores. Eq. 12 derived in Section 2 have
been used for plotting three-dimensional graphs.

y17 y1 y2 ŽThe value of J s5=10 mol?s ?cm the0
Ž y1number of moles of polySia translocated s

y2 .cm of the inner membrane surface of bacterial
.cells was calculated from the polySia biosynthesis
w xrate 16 and from the number of polySia chains

w xper one bacterial cell estimated in 17 .
Plots, showing the flux as a function of the

degree of polyion polymerization are symmetrical
with respect to the symmetry line perpendicular
to the DP axis and passing through the point
JsJ on the flux axis. The replacement of a0
polyanion by a polycation of the same chain length
resulted in the same shape of the obtained sur-
face plot but with opposite orientation. Fig. 2a
and Fig. 3a show the transmembrane flux, J, of
polySia chains as a function of the external poten-
tial, V , and time, t, or the external potential and0
the degree of polyion polymerization, DP, respec-
tively. The graphs were plotted for the level of the
membrane conductance equal to 10y6 Vy1 ?cmy2

and for the level of external potential equal to
y0.06 V. The value of y0.06 V for the external
potential was chosen in order to reflect the mean
effect of applied ionophores to the bacterial
spheroplast on the membrane potential of the

w xcytoplasmic membrane 4,5 . PolySia is repre-
sented by negative values of DP which corre-
spond to the polySia ionic valency. The reversal

Ž .curves Fig. 2b and Fig. 3b calculated for the
relationships in Fig. 2a and Fig. 3a, respectively,
represent the critical values of external potential,
time and the degree of polymerization for the
case the polySia flux equals zero. As it can be
evaluated from Fig. 2a, there is a 37% increase of

Ž . y17the polySia flux for V sy0.3 V from 5=100
mol?sy1 ?cmy2 to 6.85=10y17 mol?sy1 ?cmy2

after time ts1 ms. After time ts1 s there is an
over 118-fold increase in the polySia flux, up to
the value 5.91=10y15 mol?sy1 ?cmy2 . In the case
the external potential having a positive value 0.3
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Ž .Fig. 2. a The dependence of the flux of polyion chains across
the membrane, J, on the external potential, V , and time, t.0
Calculated for: the resting potential of membrane, E sy0.12r
V; the electrical conductance of the bathing solution and the
electrodes, G s10y6 Vy1 ?cmy2 ; the capacitance of mem-s
brane, C s5=10y7 F?cmy2 ; the electrical conductance ofm
membrane, G s10y6 Vy1 ?cmy2 ; the degree of the polyionm
polymerization, DPsy100; the initial flux, J s5=10y17

0
y1 y2 Ž . Ž .mol?s ?cm . b The reversal curves obtained from a and

showing the relationship between the external potential, V ,0
and time, t, for the polyion flux, Js0. Each line was plotted
for different electrical conductance of the membrane, G .m
Calculated for: the resting potential of the membrane, E sr
y0.12 V; the electrical conductance of the bathing solution
and the electrodes, G s10y6 Vy1 ?cmy2 ; the capacitance ofs
the membrane, C s5=10y7 F?cmy2 ; the degree of them
polyion polymerization, DPsy100; the initial flux, J s5=0
10y1 7 mol?sy1 ?cmy2 .

V the polySia flux equals to 6.39=10y18 mol?sy1

y2 Ž . y14?cm 88% decrease and y1.38=10 mol?
y1 y2 Žs ?cm 276-fold increase with the inversion of

.the flux direction after time ts1 ms and ts1 s,

respectively. The calculated decrease of polySia
w xflux corresponds to the measured 4,5 inhibition

Ž .Fig. 3. a The dependence of the flux of polyion chains across
the membrane, J, on external potential, V , and the degree of0
the polyion polymerization, DP. PolySia is represented by
negative values of DP which correspond to the polySia ionic
valency. Calculated for: the resting potential of the mem-
brane, E sy0.12 V; the electrical conductance of the bathingr
solution and the electrodes, G s10y6 Vy1 ?cmy2 ; the capac-s
itance of the membrane, C s5=10y7 F?cmy2 ; time, tsm
10y3 s; the electrical conductance of the membrane, G sm
10y6 Vy1 ?cmy2 ; the initial flux, J s5=10y17 mol?sy1 ?0

y2 Ž . Ž .cm . b The reversal curves obtained from a and showing
the relationship between the external potential, V , and the0
degree of the polyion polymerization, DP, for the polyion flux,
Js0. PolySia is represented by negative values of DP which
correspond to the polySia ionic valency. Each line was plotted
for different time, t. Calculated for: the resting potential of
the membrane, E sy0.12 V; the electrical conductance ofr
the bathing solution and the electrodes, G s10y6 Vy1 ?cmy2 ;s
the capacitance of the membrane, C s5=10y7 F?cmy2 ;m
the electrical conductance of the membrane, G s10y6 Vy1 ?m
cmy2 ; the initial flux, J s5=10y1 7 mol?sy1 ?cmy2 .0
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of polySia translocation across the inner bacterial
membrane. As presented in Fig. 3a, the polySia

Ž .flux after time 1 ms increases for negative val-
ues of external potential with the decrease of
polySia chain length with the maximal 32-fold

y7 y1 y2 Žincrease: from 5.9=10 mol?s ?cm for V0
. y15sy0.3 V and DPsy200 to 1.9=10 mol?

y1 y2 Ž .s ?cm for V sy0.3 V and DPsy1 . For0
positive values of the external potential the flux
decreases with the maximal 153-fold decrease:

y17 y1 y2 Žfrom 2.8=10 mol?s ?cm for V s0.3 V0
. y15 y1 y2and DPsy200 to y4.3=10 mol?s ?cm

Ž .for V sy0.3 V and DPsy1 . The reversal0
curves evaluated from Fig. 2a and Fig. 3a are
presented in Fig. 2b and Fig. 3b for different
levels of the membrane conductivity and time,
respectively. For the points lying below these
curves the polySia flux is positive whereas the
points above the curves give the negative polySia
flux, i.e. the flux of opposite direction with respect
to the initial flux, J .0

The relationship between the polySia flux and
the membrane conductance, and time, for the
external potential y0.06 V is presented in Fig. 4.
For the membrane conductance equal 10y5 Vy1 ?
cmy2 the polySia flux changes from 5=10y17

y1 y2 Ž .mol?s ?cm ts0 , through the value y1.26
y17 y1 y2 Ž=10 mol?s ?cm the minus sign repre-

.sents the change to the flux of opposite direction ,
y15 y1 y2 Žto the value y2.96=10 mol?s ?cm ts1

.s . It means that there is the 236-fold increase in
Ž y3 .the flux in the time interval 10 ; 1 s. For the

membrane conductance 10y8 Vy1 ? cmy2 the
changes in the polySia flux are much smaller:

y17 y1 y2 Ž .from the value 5=10 mol?s ?cm ts0 ,
y17 y1 y2 Žthrough the value 4.99=10 mol?s ?cm t

. y17 y1s1 ms to the value y2.09=10 mol?s ?
y2 Ž .cm ts1 s .

Fig. 5a shows the polySia flux as a function of
the membrane conductance and the degree of
polymerization of polySia for time, ts1 ms, and
the external potential V sy0.06 V. For DPs0
y200 the flux decreases over 2.5-fold from 4.99
=10y17 mol?sy1 ?cmy2 to 1.82=10y17 mol?sy1 ?
cmy2 with the increase of the membrane conduc-
tance from 10y8 Vy1 ?cmy2 to 10y5 Vy1 ?cmy2 ,
respectively. For DP of polySia equal to y10 the
changes are much bigger: from the value 4.93=

Fig. 4. The dependence of the flux of polyion chains across
the membrane, J, on the conductance of the membrane, G ,m
and time, t. Calculated for: the external potential, V sy0.060
V; the resting potential of the membrane, E sy0.12 V; ther
electrical conductance of the bathing solution and the elec-
trodes, G s10y6 Vy1 ?cmy2 ; the capacitance of the mem-s
brane, C s5=10y7 F?cmy2 ; the degree of the polyionm
polymerization, DPsy100; the initial flux, J s5=10y17

0
mol?sy1 ?cmy2 .

10y17 mol?sy1 ?cmy2 to the value ]5.66=10y16

mol?sy1 ?cmy2 ; for DPsy1 the corresponding
values of polySia flux are 4.37=10y17 mol?sy1 ?
cmy2 and y6.10=10y15 mol?sy1 ?cmy2 . For the

Ž .points lying below the reversal curves Fig. 5b ,
the polySia flux is positive, on the other hand the
points above the curves give the negative flux.
The reversal curves were plotted for different
values of time.

The dependency of the polySia flux on time and
the degree of polySia polymerization for the
membrane conductance 10y6 Vy1 ?cmy2 and the
external potential y0.06 V, is visualized in Fig.

Ž .6a. For long polySia chains DP equal to y200
the polySia flux decreases in time from the value

y17 y1 y2 Ž .5=10 mol?s ?cm ts0 , reaching the
y17 y1 y2 Žvalues 4.67=10 mol?s ?cm a 6.5% de-

. y16 y1 y2 Žcrease and y9.82=10 mol?s ?cm a
threefold decrease with the change of the flux

.into opposite direction for time equal to 1 ms
Žand 1 s, respectively. For oligoSia chains DPs

. Ž y17y10 the decrease is bigger from 5=10 mol?
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Ž .Fig. 5. a The dependence of the flux of polyion chains across
the membrane, J, on the conductance of the membrane, G ,m
and the degree of the polyion polymerization, DP. PolySia is
represented by negative values of DP which correspond to the
polySia ionic valency. Calculated for: the external potential,
V sy0.06 V; the resting potential of the membrane, E s0 r
y0.12 V; the electrical conductance of the bathing solution
and the electrodes, G s10y6 Vy1 ?cmy2 ; the capacitance ofs
the membrane, C s5=10y7 F?cmy2 ; time, ts10y3 s; them

y1 7 y1 y2 Ž .initial flux, J s5=10 mol?s ?cm . b The reversal0
Ž .curves obtained from a and showing the relationship between

the degree of the polyion polymerization, DP, and the con-
ductance of the membrane, G , for the polyion flux, Js0.m
Each line was plotted for different time, t. Calculated for: the
external potential, V sy0.06 V; the resting potential of the0
membrane, E sy0.12 V; the electrical conductance of ther
bathing solution and the electrodes, G s10y6 Vy1 ?cmy2 ;s
the capacitance of the membrane, C s5=10y7 F?cmy2 ;m
the initial flux, J s5=10y17 mol?sy1 ?cmy2 .0

sy1 ?cmy2 to y1.22=10y17 mol?sy1 ?cmy2 and
y1.97=10y14 mol?sy1 ?cmy2 , respectively. The

Žmaximal drop is observed for monomers DPs
. y17 y1 y2y1 : from 5=10 mol?s ?cm to y5.71=

10y16 mol?sy1 ?cmy2 and y1.97=10y13 mol?
y1 y2 Žs ?cm over 12-fold decrease in the time in-

w y3 xterval 0; 10 s and 345-fold decrease in the
w y3 xtime interval 10 ; 1 s.

The reversal curves obtained from Fig. 6a, for
different values of the membrane conductances
are presented in Fig. 6b. The area below the

Žcurves represents the positive polySia flux with
.the same direction as the initial flux J whereas0

the area above the curves represents the negative
ŽpolySia flux with the appropriate direction with

comparison with the initial flux J .0
The steady-state diffusion of ions through sepa-

rate, selective channels was described according
w xto irreversible thermodynamics 18 . Ion fluxes

thus obtained were the same as those in the
parallel conductance model. The equivalent elec-
trical circuit for this system had its electromotive
forces expressed by the chemical potentials of the
diffusing ions. It was concluded that the passive
diffusion flows remain steady, since active
transport mechanisms pump the ions up their
electrochemical potentials. The same equivalent
circuit was used to describe the active extraction
of anions from the living cell and for explanation
of the measured plasma membrane potential of
cells, especially when the potential did not behave
as the potassium electrode. Membrane potential

Žcreated in the process of passive diffusion or at
.equilibrium of ions was identified with the so-

called pump potential. In contrast to our ap-
proach the author analyzed only the fluxes of
univalent ions.

Ionic circuit analysis was applied to vesicular
systems containing insect midgut transport pro-

w xteins 14 . In this analysis pumps, porters and
channels, as well as ionic concentration gradients
and membrane capacitance, were components of
ionic circuits that function to transform metabolic

Ž .energy e.g. from ATP hydrolysis into useful
Ž .metabolic work e.g. amino acid uptake . Com-

puter-generated time courses of membrane po-
tential reproduced key aspects of the coupling of
the proton-motive force generated by an Hq V-
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ATPase to Kqr2Hq antiport and amino acidrKq

symport in the lepidopteran midgut. Although the
authors applied circuit analysis to different exper-
imental conditions they focused on the trans-
membrane movement of univalent cations and
omitted the transport phenomena of polycations
or polyanions across biological membranes.

A simple system consisting of a pump for a
single ionic species in a membrane separating two

w xaqueous compartments was considered 15 . This
analysis departed from all previous ones by repre-
senting ionic gradients as charged compartmental

Fig. 6.

capacitances instead of batteries. In the circuit,
Ž .the ionic in this case proton pump was depicted

by the pump potentialrporter combination, and
the frictional and slippage resistances were con-
sidered to be negligible and were ignored. In the
steady state, in this case equilibrium, the pump
generated a proton-motive force which was the
product of the pump potential and the proton

w xporter coupling coefficient 15 . The proton-
motive force dropped across the series combina-
tion of the membrane capacitance and the total
proton compartmental capacitance. A vesicular
membrane with a proton pump, a porter and
counter-ion leakage was also considered, giving a
complex electrical equivalent circuit in the case,
of both the goblet cell and columnar cell in the

w xmidgut epithelium. Similarly to 14 the analysis
was done only for univalent ions.

A simple electrical equivalent circuit for the
w xplasmalemma of cells has been shown 19 . The

left-hand branch of the circuit represented the
passive diffusion of ions across the membrane;
the membrane resistance was connected in series
with the electromotive force, which is equivalent
to the diffusion potential. The right-hand branch
represented the electrogenic Hq pump, which
actively transports Hq ions out of the characean
cell. The equation giving the membrane potential

w xfor the circuit has been presented 19 . Our analy-

Ž .Fig. 6 a The dependence of the flux of polyion chains
across the membrane, J, on the degree of the polyion po-
lymerization, DP, and time, t. PolySia is represented by nega-
tive values of DP which correspond to the polySia ionic
valency. Calculated for: the external potential, V sy0.06 V;0
the resting potential of the membrane, E sy0.12 V; ther
electrical conductance of the bathing solution and the elec-
trodes, G s10y6 Vy1 ?cmy2 ; the capacitance of the mem-s
brane, C s5=10y7 F?cmy2 ; the electrical conductance ofm
the membrane, G s10y8 Vy1 ?cmy2 ; the initial flux, J s5 ?m 0

y1 7 y1 y2 Ž .10 mol?s ?cm . b The reversal curves obtained from
Ž .a and showing the relationship between the time, t, and the
degree of the polyion polymerization, DP, for the polyion flux,
Js0. The lines were plotted for different electrical conduc-
tance of the membrane, G . Calculated for: the externalm
potential, V sy0.06 V; the resting potential of membrane,0
E sy0.12 V; the electrical conductance of the bathing solu-r
tion and the electrodes, G s10y6 Vy1 ?cmy2 ; the capaci-s
tance of the membrane, C s5=10y7 F?cmy2 ; the initialm
flux, J s5=10y17 mol?sy1 ?cmy2 .0
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sis develops this approach for polyion transport
and gives solutions in the form of three-dimen-
sional graphs.

The transmembrane potential of biological
membranes can be modulated in at least two
ways: the first, by using ionophores dissipating the
ionic electrochemical potential gradients, and the
second, by applying external electrical potential
gradient from electrodes placed on opposite sides
of the membrane. The modulation of the trans-
membrane potential by ionophores can be de-
scribed by using an electrical circuit analogous to

w xthe ionic circuit 20 . Both circuits have genera-
Žtors of potential the battery and the respiratory
.chain, respectively , both these potentials can be

made to perform work and both circuits can be
short circuited. The rate of chemical conversion
in both the battery and respiratory chain is tightly
linked to the current of electrons and ions flowing
in the rest of the circuit, which in turn depends
on the resistance of the rest of the circuit.

The results of the present paper can describe
the experimental results on the influence of

Žionophores dissipating the energy of the ionic
.electrochemical potential gradients on the trans-

location of polySia from the cytoplasmic site to
the periplasmic site of the E. coli K1 inner bacte-

w xrial membrane 4,5 . In these studies the effect of
CCCP } as a modulator of proton transmem-

Ž .brane electrochemical potential gradient Dm ,H
and valinomycin } as a modulator of transmem-

Ž .brane electrical potential gradient Dc , on the
translocation rates were assessed. Spheroplasts
derived from RHM 18 strain were labeled during

w14 x5 min pulse with C sialic acid, then the trans-
membrane translocation of sialyl polymers was
monitored during a 120-min chase. The presence
of both CCCP and valinomycin inhibits polySia
translocation rate, in comparison to the control,
up to 85 and 50%, respectively. The action of the
ionophores on the transmembrane potential of
the inner bacterial membrane is analogous to the
reduction of the level of the external potential V0
at time equal zero in the electrical equivalent
circuit presented in Fig. 1. In agreement with the
experimental analysis, the polySia flux inhibition

Ž .is observed Figs. 2 and 3 in the case of when the
transmembrane potential decreases.

The present theoretical analysis can also pro-
vide a theoretical background for further experi-
mental studies using the voltammetric technique
w x19,21]25 for analyzing the polyionic fluxes across
membranes. In this case, the value of V can be0
modulated using a potentiostat, the membrane
conductance can be determined from the cur-
rentrvoltage characteristics and the relationship
between the polyion transmembrane flux and the
polyion chain length can be experimentally de-
termined. This technique can also be applied for
analysis of polyion translocation events through a

w xsingle channelrsingle membrane electropore 26 .
If a small piece of membrane with a single chan-
nel is considered, the membrane conductance,

w Ž .xG , Eq. 12 can be replaced by the single-chan-m
nel conductance.

Electrotransfection of cells, i.e. transfection in-
duced by electric field pulses, is an effective tech-
nique for introduction of foreign nucleic acid into

w xcells 27 . It was shown that DNA translocation
into cells, using a high-voltage pulse, takes less
than 3 s, and DNA electrophoresis plays an im-

w xportant role in this process 28 . The authors
suggest that the mechanism of cell electrotrans-
fection is underlain by electrophoretic movement
of DNA through membrane pores, the rise of
which is determined by interaction with DNA in
an electric field. Similar to our study, they have
investigated the effect of the inversion of the
electric field polarity on the translocation rates.
They found a 10-fold increase in transfection
efficiency with a polarity causing DNA elec-
trophoresis toward the cell, in comparison with
the inverse polarity. In accordance to our study
Ž .Figs. 3, 5 and 6 they observed the reduction of
the translocation rates when the polyanion effec-
tive charge was decreased. DNA penetration from
T4 phage adsorbed to E. coli was measured at

w xdifferent membrane potentials 29 . The authors
found that the T4 DNA injection process de-
pended on a minimum V below which there wasm
no penetration. This threshold of membrane po-
tential for DNA penetration was independent of
DpH. In accordance with our relationships, the
authors obtained 95% reduction in DNA penetra-
tion when the transmembrane potential was re-
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duced from 110 to 60 mV using a valinomycin
ionophore.

In conclusion, we have shown that the modula-
tion of the transmembrane potential of the bacte-
rial inner membrane of the polySia chain in bac-
terial cells can be responsible for the changes
observed in the transmembrane translocation rate.
This analysis describes also the effect of trans-
membrane potential on the translocation rate of
negatively charged polyanionic polynucleotides
across membranes. The investigations were ex-
tended for the modulation of transmembrane
translocation of polycationic homopolymers.
These polymers strongly interact with DNA and
are used to compact plasmid DNA in order to
increase the uptake of foreign genes in mam-
malian cells with the aim to transfect them
w x30]32 . The presented analysis can also provide a
theoretical background for further experimental
studies using the voltammetric technique both at
the membrane level and the single-channelr
single-electropore level.
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