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CHAPTER 1
INTRODUCTION

.Living systems depend heavily upon membranes to provide the -
necessary physical and biochemical compartmentalization. The cells
of higher organisms have several diffgrqnt membranes, each with a
specific function. The plasma or outer membrane of the cell acts as
an envelope and a perméation barrier; If holdq the cytoplésm within
the cell and selectively allows nutrients to entér and waste products
to leave. the cellg Organelle memb?éqes serve as regulétors of pro-
tein synthesis as well as sites for energy transduction within the
cell. The most important organelle is the mitochondrion, as the
oxidative phosphorylation of ADP-to ATP &ccurs on the ﬁitochondrial
membrane.

Lipids are the major components in biological mémbranes (L.
They form a cohesive matrix which is respoﬂsiblé qu‘the gross proper-
ties of the membrane (2). Phospholipids are the most abundant lipids
found in membranes of higher plants and animals (1). Their basic
structure is sh;wn in'Figur¢ 1. They are essent;ally phosphoglycer-
ides with_a-phosphate_group‘atfached to the»thfrd carbon of the three
carbon glycerol backbone;jwitﬁ-tWo fatty acids (RCOéﬁ) esterfied to
the other two glycerol carbons. The -"R" groups are comprised of
saturated and unsaturated carbon atoms and are not polar; The phos-

phate group along with its functional ?X” group are polar, and form a



2
polar 'ﬁead' on the lipid molecule. ‘As a result, phospthlycerides
are the most polar of ail lipids. _

The most common lipids found in the:membranés_of higher plants
and animals are phosphatidyl ethanblamine (cephalin), and phospha-
tidylkcholine (lecithin) (1). -The "X" éroup of lecithin, the lipid
used in the present Qork, is a choline grgup N(CH3)3 (Fig. 2). lLeci-
thin is uncharged at neutral pH due to thé{positive\charge of the
choline group which compensates the negative charge onithe phosphate
group.

The pélar heads of the lipids afe'attrac;eﬁ toward polar sol-
vents such as water. The hydrocarbon tails are.insoluble in water,
and instead prefer a non-polar environment. This amphiphatic charac-
ter of the lipid molecules is responéible.fo; the formation of artifi-
cial lipid membranes. If a glob of a natural lipid, such as lecithin
in the solvent decane, is placed on the orifice of a septum immersed
in an aqueous medium, the'lip?d spontaneously thins and forms a bi-
molecular membrane. This lipid bilayer is similar to the natural
lipid membrane in thickné;s, wgtér pefmeability,\cap;citance,ldielec-

"tric breakdown voltage, énd-meéhanical properties gubh as surface ten-
sion (3) (see Table 1I).

Many compound; have beeﬁ added to the artificial membrane system
in attempts to modify‘thg,lipid pfoperties.; ThuS\far,ithé artificial
membranes and modifying #gents have been shown to be useful as experi-
mental models for at least five basic types of bioloéical membranes
(5). They are the plasmé membrane of the red blood celi, the nerve

membrane of axons,'the cristae membrane of mitochondria, the thykaloid
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membrane of chloroplasts, and the rod membrane of the retina.

TABLE I

COMPARTISON OF INTRINSIC‘PROPERTXES BETWEEN
ARTIFICIAL LIPID MEMBRANES .
AND BICMEMBRANES (4)

Artificial

Property. Membrane Biomembrane
Thickness (8) ' 50-70 50-150
Mechanical Properties " Relatively unstable Stable
Surface Tension (dynes/cm) 2-0.1 o 0.5 to almost O
Capacitance (uF/cm?) 0.33-1 . 0.5-2
Dielectric breakdown : 80-500 80-=500 -

voltage (mV) ;
Electrical Resistance (f -em?)  about 108 - less than 105
Permeability (cm/sec) i -

Water (tracer) 1x1073 . 4-40 x 1074

Water (osmotic) A 1x10-3 More than tracer
Ionic Selectivity . © Little, depending Considerable

on head groups

%

A specific group of additives @ramdgicalLy affects the permea-
bility of the lipid membrgnes, and: in some casesvﬁffeéfsﬁthe ion
selectivity. '"Uncouplers' comprise one class of‘this group. These
compounds prevent or unEouple the oxidative phosphorylation of ADP to
ATP on the mitochondrial membrane. Many‘compounds from this class are
used as pesticides and herbicides. Since it was found that these com-
pounds (6) increase the electrical conductivity of lipid membranes, it
is generally believed that electrical“measureﬁénts on these membranes
may reveal more detailed information abou§ changes in ionilc transport

associated with the presence of pesticides in the membrane system.



Pentachlorophenol (PCP) is an uncoupler and acts as a weak acid.
This means that when neutrat! mclecules of -the uncoupyer (HA) are pres-
ent in aqueous solution the molecules dissociate into anions (A™) ;nd
protons (Hf) as shown in Figurg 3. The degrée,of dissociation depends

upon. the pK of the solution and the characteristic dissociation con-

stant.
OH
cL cL
2 + H
el cL |
N

HA = A+ H
Figure 3. The weak acid uncoupler PCP (HA) dissociates into
anions (A”) ‘and protons (HT). ’ N
It‘was.first proposea that uncouplers such as PCP made the mem-~
brane selectively permeable to either the H' or ‘the OH~ ions (7).
However, this approach cannot-explain the conductivity maximum occur-?
ring near or at the pK of the uncoupler. It is also energetically
difficult, due to a large change of polarization .energy, for an ion of
small radius such as a preoton to go froﬁ é high dielectric medium such
as water to a low dielectric medium such as the membrane. However,
ions whose charge is delocélized over a large area have less difficulty
permeating the membrane. On the basis of the aéove argument, it has
been proposed that the protons are 'carried" across the membrane by
the uncoupler molecules. Several carrier models have begn formulated,

some of which are contradictory. Thus, one part of the problem is to

establish the species of the transport ions in the presence of a mem-
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brane modifier and the mechanism of chargé transport. The present
work makes an attempt to answer some of the above-questions for the

pesticide pentachlorophenol. Since movement of ions across the mem-

- ~

brane constitutes a current, we therefore can monitor changes in the

membrane transport processes by measﬁfiﬁg'changes in.the membrane con-

.
-

ductivity due to the change of the'pH'of the .solution ba&hing the mem-

brane, the applied voltage, and.the uncbupierAcoﬁcentratioh.‘ All ex-

- s

periments were performed with lecithin-cholesterol membranes using

PCP as the uncoupler.



CHAPTER: 2
EXPERIMENTAL METHODS
I. LIPIDS

The lipid used to form the membranes was egg yolk lecithin ex-
tracted and purified by Dr,”K.'Hsu using the procedure developed by
Singleton (8). The lecithin was stored in éhlornform sealed unden
nitrogen in ampules cOnnaining_about 5 ml each of tné solution at the
concentration of 25 mg/ml.> Thé ampules were kept in the freezer (about
-15°C) until needed. The cnnnents of each ampuie were filtergdiusing a
0.45) millipore filter before use to remove the fine alumina particles
which had come down with the lecithin fractions from the column.

Purity of the lecithin was tested by thin-layer chromatography. Only
one spot was observed in iodine vapor, and the Rg¢ value was comparable
to that of commercially prepared lecithin.‘ Two stock solutions were
prepared. One contained lecithin only in a 1% (w/v) n-decane solution.
The other contained lecithin and cholesterol mixture (1:1). by qeight,
in n-decane solution with the same lécithin concentration as before. -
These solutions were kept undgn nitrogen and stored in the freezer
until needed. "Small nontions of thé stock solution were used to pre-
pare the membranes of the day. Thesehsolutions were kept in the re-.
frigerator during the day, and stored under nitrogen in the freezer

at night. Lipid solutions kept in this manner were found to last four

weeks without losing their ability to make stable membranes. The



cholesterol was a gift from Dr. McClure and was of high purity. The
addition of cholesterol to the lecithin splutioh gave the membranes

greater stability withoﬁt changing theitr intrinsic conductivities.
II. ELECTROLYTE

‘The electrolyte used Qas 0.1 M/L pd%#séium chloride.) This es-
tablished a large excess indifferent electrolyge. The solutions were
buffered with a potassium-citrate-borate buffer system in a pH range
of 3 to 11. Composition Qf the buffé£ solutions was -chosen according
to Liberman (9), with 0.2 M/L of potassiUm phosphate, O.Z'M/Ljpotassium
citrate, and 0.05 M/L boric acid. The sglutioqs were titrated to the
desired pH using either hydrochloric acid or potassium hydroxide. The
pH of the solutions was determined wifh é Corning model 7 pH meter.

The solutioms were kept in the refrigerator and were brought to room

temperature before use.

III. PENTACHLOROPHENOL

The pentachlorophenol (PCP) was obtained from the Aldrich Chem-
ical Company, and was 99+7 pure. A stqck solution of PCP at 1lmM/L was
prepared in the above_bufﬁer at a pH of 7.0, and was stored in the re-
frigerator to retard deéay. In order to obtain the desired PCP con-
centrations, appropriate amounts of the stock,soluti;n were pipetted
into buffer solution, and thén titrated to pH and final volume. The
amount of PCP in each solution was then measured'spectrophotomet;ically

within at least a week after it was prepared.



IV. NONACTIN ) : -

The nonactin (NON) wésAa gift fromfthe Squibb Company. A §tqck .

% B3

solution of NON was prepared“at 0.1mM/L in ethyl alcohol, and stored
in the refrigerator under nitrogen po“retard decay.” Experimental
solutions containing PCP and NON were prepared new each day and were -

adjusted to give a final NON concentration of 3uM/L. The alcohol con-

tent in the solutions never exceeded 3% of the tétai volume.
V. CIRCUIT

A diagram of the electric ¢ircuit used is -shown in Figure 4. A
Keithly model 417 picoammeter was used to measure current, and a

&

Princeton‘Applied Resgarch glectromeler, modei 135 §§s used to meaéure
both current and voltage? xCorqing‘calomelbelecFrodes“were‘used to
measure the current and membrape potentiﬁls-and Were protected froé
contamin;tion by using&s;turafed géarrbridgeé.; Wben the membrang re-
sistance approached’ that of\tﬂe_caloéel éLgctrqdéé, which is about |

10k, the calomel electrodes were replaced with Ag/AgCl electrodes whose

resistance was of the order of 10 ohms.

VI. - ARTIFICIAL SYSTEM

A cylindrical teflonycupfwith an 6fificehabout half-way down its
length, was situated in a»rectangulaf plastic holder. Solution added
to this system was free to equalize.throdgh the_érificéyin the cup.

A membrane across the orifice divides the solution -into two compart-

ments which are electrically insulated except through the membrane.

Two cups were used: one had a diameter of 1.79 mm, the other a diameter
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of 1.95 mm. The cups were cleaned before each use either byvboiling
in an alcohol-sodium hydroxide golution, or b& autho;dugh,alcohol wash-
ing; then rinsed repeatedly with distilled water and allowed to dr&.
For a more.durable membrane, the orifice was provided with a lecithin
coat. This was done by'paintiné the orifice with.the lecithin solution
several times, allowing the lipid solution to dry beﬁween each appli-
cation. This lecithin coat serves as a "base" for the membrane. When
the base was well formed, the cup was placed inside the holder and
solution wastadded, Théhsolution level was adjusted such that it was
just a little -above the orifice.

In general, the'solutidn around the membrane was not stirred.
However, during the éoﬁceqtratién graaieét studies the inner compart-
ment, to which the PCP was added, waé stirred for a short period of

time to insure properhmixing.
VII. MEASUREMENTS..

Stability of the membrane was judged’froé the variation of
current with time when a voltage of 34 mv was abplied across the mem-
brane. . When‘the‘variation was within 5% wighin 50 minutes, the re-
latioﬁéhip between current’and VOltagevﬁas investigated. ’The applied
voltage was varied from O to‘210 my in. steps, and the curreng was re-
corded. Conductivity data were calculated typicafly at 30 and 50
minutes after membrane formation at the applied voltage at 34 mv,
taking int9.account the potential due to the electrodes. If the cur-

rent reading at 34 mv showed a 10% difference after the I~V curve was

taken, the data were not used.



CHAPTER 3
EXPERIMENTAL RESULTS

The membrane current behaves ohmically for small voltages up to
50 mv or less, and increases more répidly from voltages of 80 to 210
mv when no PCP is present (Fig. 5). There is no indication of satura-
tion processes as these'éufves continue upward until the memprane
breaks down. Measurements of membrane conductivity for various values
of pH indicate a slight effect'of pH upon membrane conductivity (Fig. 6).

The membrane conductivity is changed considerably by the addition

of pentachlorophenol in different environments.
I. CONDUCTIVITY AS A FUNCTfON OF PH

The amount of dissociated uncoupler in solution depends upon the
pH. 1In thig experiment, the amount of PCP added to the solution has
been kept constant at 50uM/L. This value was chosen on the basis of
preliminary studies which indicated that the conéuctiviéy begins to
saturate at a concentration of about 3 to 50uM/L of PCP.

The pH range covered was from 3_tor11; the data presented in
Figure 7. The error bars represent the standard deviation; the points:
themselves represent the mean value of several different membranes
formed on the two different cdps. The maximum conduct@vity occurs at
a pH of about 5.3, which is very close to. the pK of the uncoupler,

which Beilstein quotes as 5.26 (10). Another notable feature is that
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PCP has increased the conductivity of the membrane a thousand-fold at

pH 5.3, as compared with the system without the pesticide.f

II. CURRENT’AS'A FUNCTION OF VOLTAGE

Figure 8 shows an example of a typical current-voltage relation-
ship for 50uM/L PCE at pH 7.. The current increases more rapidly at
higher voltage. In the presence of PCP the membrane conductivity curves
show a greater curvature.m'Tﬁe rélationship betweén curvature of the
current-voltage charactegistics and pH for a constant amount of PCP
can be_seen in Figure 9. In comparing the curvature of the current-
voltage relationship; all current values were normalized at the high-
est voltage used. The analysis indicates that the curvature is great-

er at both high and low pH, and it is smailer near the pK of the un-

coupler.
III. CONDUCTIVITY AS A FUNCTION OF PCP.CONCENTRATION

These measurements were made to indicate the processes of charge
carrier formation. Figure 10 shows the d;ta fér several different
values of pH. Near the pK of,the uncoupler the conduétivity varieé as
the square of the PCP concentration in solution (a slape of 2 on the
log-log plot). As the pH becomes more basic the concentration depen-
dence becomes linear, until at thé pH of é.7 there ié no apparent de-
pendence ofAconductivity upon concentration.':Again these curves show

that the conductivity tends to saturate at PCP concentrations of 30 to

SOuM/L.
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TABLE 11

MEMBRANE POTENTIAL (Vm)- FOR PCP,
CONCENTRATION GRADIENTS-
AND PH GRADIENIS

X%

MEMBRANE PCPX. . Vm ,

# (date) /L) (mv) - pH®® (mV)
1 (12-20-73) 25 0 - -

2 (12-20-73) 35. 0 - -

3 (12-21-73) 35 4 - -
4 (L-6-74) 5 5 - -

5  (1-12-74)° 70 T 14 - -

6  (1-12-74) - - 70 10 to 25 7 - -

7 (2-8-74) - - 6.6 25
8 (2-10-74) - - 6.3 . 35
9  (2-10-74) - < " 33
10 (2-11-74) - - " 35
11 (2-15-74) - - " 34
12 (2-16-74) - - 6.56 47
‘13 (2-16-74) - M =47
14 (2-16-74) - - " -54
15 (2-18-74) - - u =53
16 (2-23-74) - - " T =48
17 (2-23-74) - - %, 84 . 57
18 (2-28-74) - - " - 60
19 (2-28-74) - - " 60
20 (3-1-74) - - " 57
21 (3-1-74)" - - " 57 -
22 (3-1-74) - - " 60 "
* 1Initial PCP concentration 5uM/L

in both compartments

Initial ﬁﬂ 5.7 in both <compartments

20



IV. PRESENCE OF NONACTIN IN THE PCP SYSTEM

The deviation from the expected dependence of conducti&ity upon

concentration 6f uncoupler, and the assy&metry of the qonductivity

versus pH curves indicate the probability of -charging effects on the

- - - -

membrane at high pH. It was proposed that a negatively charged mem-

brane surface would enhance the conductivity o% Ehe positively ¢harged
carrier complex (11). Th§s was tested by means of an antibiotic, non-
actin, which forms a p;sitivgly charged Earrier*ccmplex with botaésium
ions. The amount of npnéctin\ésed wasg3‘M/L. This gave a base con-
ductivity at le§st‘a fagtaé of ten higher than that of‘the PCP systém,
which insured that the gembrane;conductévity due to the PCP c;uld be
neglected. |

The data for pH 6 and pH 7 gréysbown in Figures 11 and 12. 1In

both cases, the membrane.conductivity 'increased markedly with the in-

crease of the uncoupler concentration.

¥

V. PCP CONCENTRATION GRADIENTS ACROSS THE MEMBRANE

It was expected that a concentration gradiént across the mem-
brane would produce a-gradient of chdrge ‘carriers and thus generate

a potential across the membrane. The exberimentaliresults indicate

that even for large PCP grédienté (as. much as 30 M/L) no significant
membrane potential occurs (see Table 1I). The gmal% membrane potentials

seen resulted from the addition of PCP to the electrolyte. However,

large membrane potential resulted from a pH gradient across the mem-

brane when the PCP concentration was equal on both sides of the membrane.

#

K
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- PCP data are also shown.

Relationship between conduct1v1ty and uncoupler con-
centration for a constant amount of nonactin at pH 6.
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CHAPTER 4.
DISCUSSION

@There are indications in the literature (11)\§hat according to

their effect on the conductivity of lipid membranes, uncouplers can be

divided into at least two classes, each with a different mechanism of

carrier transport across the-membrane. .

For the first clasks the membrane conductance is directly propor-

tional to the anionic form of the weak acid uncoupler. ' The conductivity

maximum occurs on the alkaline side of the pK, and the current-voltage

curves saturate. The properties of these:uncouplérs are best explained
in a model developed by LeBlanc (12) for garbonyléyanidé m-chlorophenyl-

hydrazone (CCCP). The model assumes that the unbgupler HA and its an-

ion A” are the only permeant species in the membrame. It can explain

-

the current saturation and the conductivity maximum in alkaline pH by

taking~in£o account the effect.of 'unstirred layers' near the surface

of the membrane. " -

The conductivity of the second class of uncouplers is proportional

to the square ofitbe uncoupler conceptration’in,aqueous solution. The

maximum conductance occurs-at or very near the pK’of the uncoupler and

- P

the current-voltage curves do not saturate.

i

Finkelstein (7) developed a model based on Liberman's data gn@

postulated the existence on’an~uﬁcoqpler 'dimer' complex, HAg. This".

membrane permeable charged species is formed-by the combination of



25
neutral moleculgr HA-with the negative ioﬁ A, a product’ of dissociation
of HA. . ' z

Several important features gfvthe present experimental results such

as the maximum conductivity near the pK of PCP.(Fig. 7), the dependence

of conductivity on the PCP concentratioh (Fig. 10), and the curvature of
the current-voltage characterlstlcs (Flg..B), suggest the appllcabllity

of the latter model to the present membrane—uncoupler system.

s

The model is based upon the assumptlon tha; the following reactions

v

occur in the aqueous solution:

i . N s T Pt B . :
HA”=H+M4-A—A g = [EAT] - * 1)

. HA—=}LA+A""“~ K:M . o b )

2 22

where the brackets denote the'concentratién of,thé species in the
aqueous solufion.» Equation (1) 1s the statement that the uncoupler
acts as a weak acid in solutlon, and equatlon (2) assumes that the
neutral HA molecule cpmbines'with‘an A” anlon.to form a charged dimer,
compleg. The concentratioﬁ of the dimers;is?assdme§ to be much less
than that of either the A" or the-HA species. Therefore; the total
concentration of uncoupler [HAT] may be approx1mated by the sum of

the HA and A concentratlons. ) X
aa,] = [ma] + [47] . 3)

Using the above three equations, an éxprgssion for the concentration of

the dimers in terms of:thé initial total émount of uncoupler added to

the solution [HAT], the~pH of the solution, can be derived. The

dimer concentratlon is derived as follows from equation (1) te 3):

[m:h—[mr L | W

Y
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The dimers are assumed to be the major permeant charged epecies in the

~

membrane: If it is also assumed that the‘rate limiting .step in the

transport is the movement of the diner molecule through the membrane,

indicated by an absence of saturation in the current-<voltage character-
istics, and the density of dimers in the membrane is proportional to

that in aqueous phase, the membrane conductance, G, will be directly

proportional to the dimer concentration.in .the electrolyte solution.
That is:
-k ) ’ : : :
G a [HAz] . . . &)

where (*) denotes the dimer concentration in the.membrane. ‘The con-
ductivity can then be\reiated’to the unceuplef coqcentration and the

solution pH by substltutlon -of equatlon (4). into equation (5):
| R Ly I |
G = 5 — : - (6)
% thr (K1+[H %

where b is a constant, proportional to the product of the mobility of
HA in-the membrane and the partltlon coefficient of HA between water
and the membrane. . For a‘glven“uncoupler concentratlon equation (6)

predicts a maximum in the conductivity when the proton concentration

’l

is equal to the dissociation constant’ of the uncoupler, that 13 pH-

equal to pK. This is indeed. in agreementﬁwlth the observed result for
pentachlorophenol (Fig. 7).

The model (eq. 6) also.predicteﬁthat if»theﬁpﬁvieuhele constant
the conductivity should vary as the square of the uncoupler concentra-
tion. ‘As follows from our experlmental data, this quadratic dependence
is observed for low concentretiops*of PCP (up to 10uM/L), end is typi~
cal for low pH valuésn(Fig.'IO). Tte mode} in thie cresent state can- .

not account for the variance of the conceﬁtratiop dependence with pH,
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and the observed saturation of the conéentratiop;of‘membrane conduét—

#

ivity.
Similar effects were observed by ‘Liberman and Topaly (9) for tetra-

chloro-2-trifloromethylbenzimidazole (TTFB), fcrlwh?ch the dependence
of coﬁductivity upoﬁAunéoupler cgnceniraﬁion was found to be linear
at high pH. Also Bielawski (13) and Hopfer (lé) who both investi~
gated -the effects of dinitrophenol (BNP) found that -the conductivity
did not depend upon the square of the’ uncguplgr concentration, but was.
somewhere in betweén.aﬁl{near and quad;atic dependence, in apparent
contradiction with tﬁe'apo;e model. ) »
iMcLaughling(ll) was aBie«t; resolve the coqfligt{in the existing
. data by proposing that;the‘anio;s of the ﬁncoupler aésorbed on the
surface of the meﬁbrane, and cﬁafged it negatibely. If the surface
potential is taken into account, the concentration of the permeant
HA2 species in the @empraqe can be relate@ito thé HAz,concen;ration in
the solution immediatély\adjaﬁent to thé‘ﬁgmb?gqe,by;
[HA"] = K[A,] exp (FWRT) B - ‘ %)
where the asterisk (*) denotes concentration of HAZ within the mem-

2

brane, F 1is the Faraday, ¥-is the potential due to surface -charge on

Vthe membrane, and K is the membrane—agueoﬁs phase partition coefficient
for the dimer. Thus, the conductivity of the membrane in the presence

#

of surface charge-is:
- Kl 2 1 ] A ’
G = bK o= [HAT] 5 exp (F‘?/’RT) ; . (8)
2 (Ky +[H ]) : “ )
The deviation gn the uncoupler concéntratioh from’the above quad-
ratic dependence at high pH can be explained by ch§n§és in the mem—

. Kt ; —-
brane surface charge (ll)t -The adsorption of the A . ion to the mem-
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brane surface would depress the conductance of negaﬁively charged
carrietst and enhance the conductance of positively charged carriers.
The idea of using the pos%tively'charged nonacfiq pofassium complex to
probe tﬁe negative surfacé charge on the éembrane hég been exploitéd

by McLaughlin (11). The membrane conductivity dué to this complex is

~

given by: < . - - ‘

¢ = b' [KT1[NoN] exp (~F¥/RT)- = G_ exp (~F¥/RT) . (9)
where b' is a constant which inéludes fhe:membraﬁg~solutioﬁ partition
coefficient for the complex and the aésociation cohstapt for the com-

plex formation; and ¥ is the surface pdtential’of’the membrane (11).

-

In the experiment when nonactin was added "té.the PCP system, the con-

ductivity increased with increased PCP concentration (see Figures 11

and 12), If the. membrane was not chéﬁgedfin the presence of penta- E
chlorophenol, the conductancefof~tﬁe nonactin-PCP gyétem would be the

sum of the conductivity due to each qompoﬁent alone. However, if the:

membrane was charged we can use equation (8) to find the numerical value

the membrane at each uncoupler concentra-

of the_surfacé potential on
tion. - If Go is th;‘conductiviff at zero éharginéspotegﬁ}ai, which is
experimentally the base conduétivityggf'the’nqnaciin"coqplex in the
absence of\PCP, we can ,then obtain -a numerical.vaiue for exp (-FY/RT)
and the membrane charging potential,Aw; by findiné tﬁq ratio of G to
Go for each data ﬁoint. Ta?ies iI{ and IG show- the analysis of the
data for the PCP-NON system at pH 6 and 7.

If we now éorrect thg pfevious'déta:of the gpnductivity Qe;sus un-
coupler concentration for'these fH's b? maltiplying the originél data

points by the appropriate value of exp (TFY/BI); we find that the
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TABLE ITII

ANALYSIS OF NON-PCP DATA TO DETERMINE
MEMBRANE CHARGING AT PH ﬁ.ﬂ

BCP - ' - g . '

BM/L) G/Gq ¥ (mV) G' (mho - cm ) G” (mho - cm™7)

0.5 1.77 -14.8 5.9x1077 - - 1.0x1076 .

1.5 S 4.19  -37.0  2.0x10°6 L 8.4x1076

10.0 36.3 -92.8%° " 9.5x1076 3.4x1074

20.0 55.2° -103.8 2.2x1673 . - 1.2x1073
TABLE 1V -

"ANALYSIS OF NON-PCP DATA TO ﬁETERMINE
MEMBRANE CHARGING AT PH 7.0 .

PCP

(uM/L) G/G, ¥y (mV) ': G' (mho - em™2) c* (mhd . cm"z)
1.0 1.95 . -17.3 2.9x10~7 5.7x10~7

5.0 25.6 . -83.8 t.ox107% . - 2.6x10753

10.0 74.4 - -111.3 1.7x107° L. 1.3x10°%

20.0 . 256 -143.4 1.9x1076 © - ‘4.9x1074

1

* N . . ;
G” is the original conductivity (G") multiplied by the appropriate exp

(-FY¥/RT) to correct the conductivity for the adsorbed charge.
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corrected data fit the predlcted quadratic relationship -of conductivity

5

upon uncoupler concentration, as shown in Figure% 13 and 14.

Additional information aboup the membrane transport processes can

be obtained from the membrane potential-data. 'Accogding to the above

model, if the permeant charged sbecies are the ﬁostulated dimers HAE,

then the membrane potential, Vm, is determ}ned by:

[HA“]. ) ‘. .
Vo= - & In —= % e (10)
(a7 ], ST ' ‘

where [HA2] and [HA ] are the concentrations of dimers on opposite
sides of the membrane.  Using equa;ion (4}f0ne can show that membrane
potentials can be generated by concentration éra&ientsﬁof PCP, in
contradiction with the experimental reéu%ts (sge:Aprndix A).

This disagreemeqt with the obser%a;ibns~can ﬁe removed if it is .
assumed that in addit;on;éo the'HA;'&imers; the meﬁbranéfighpermegble
to neutral moiecules of péptachlorgphenol, HA. TIt.follows from equa-
tions (10), (l)‘and (25 and the assupption for constant con;entration
of neutral molecules across-the membrane_tﬂat;

¢ [,

Vm = - %w in
[H]

(see Appendix B). Thus, the membrane potential is produced only by the

-

an

pH gradient and not by the gradient of PCP, which was found in the ex-
periment. - It follows from equation (11) that even though the transpor-
ted species are negatively charged dimers, ‘the membrane potentlal is -
the same as if it were éroduced ‘by the transport of protons. The pH
studies done with PCP,'Table 1T, are in agreement‘with equation (11).

The current-voltage chayactefistics of many:membrane—uncoupler sys~-

tems have been found -to be non~linear (11). It is of considerable in-.

terest to establish the origin of this,noniinearity. In our case, the
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current increases at a faster féte than thetvcltage, givigg rise to a
superlinear currentwvoltage curve (Figure 8). Tﬁere are two,transporf
models which are able to explain, the upward curvature of .the current-
voltage curves. In one model the membrane is considered to be a po—’
tential energy barrier fo;-thevéransporféd'ion%. According to Hall .

et al (15) the current density ﬁéf this tyﬁe offtranspor; is given by:

ZeV ~ZeV ’ .
C exp { ) - C, exp ( P I .
o } Q) _ 2oL 5y gy
a1 ZkT Y

‘ where C and C2 are concentrations of the transported 5pecies at the

right and left membrane lnterfaces, Z lS the ion valence V the applied
potential, w the p051tion dependent potential energy, and y the dimen-—
sionless distance (y = 2xfd) from the central plateau-of the membrane,
and d the meqbrane thickness. This model s best able to predict the .
membrane current-?oltage gur;ature when: the membrane barrier is approx-
imated by a barrier of téapezo;dal form,

The second model proposed;té exbléin the current-volgage depenéence
is based on Eyring s kinetic treatment of the. memb;ane (16) The mem-
brane is again con31dered as a barrier; however, the transportation is
in the form*of "jumping" from,qne side of xhe-barrier to the other.

In this case, the net current is p;opqrtional tq:tﬁe?difference of thé
ion fluxes from left tpgright, and right to ieft,‘ The cﬁrrent%density
can be written as: ) 7 '

J o Cl exp ( T " ég Cz exp ( x gg) '- 13)
where wo is the barrier heighg in thekcéntral pl@teau‘region of the
membrane. Bruner (l?)1quified this model by proposing Jbinding sites"

on the membrane interfaces which must be ayaila51e>in order for the

"



permeant species to "jump" across the membrane barrier.
Comparison of the experimental current—voltage ‘curves with those
predicted from the above models indicate that the second model, with

the modification proposed by Bruner, is the most adequate.(lS). Thqs,“

“ -

the nonlinearity’of the eurrent;voltage carves, and therefore,‘the'
voltage dependent conductivity ieduced in the membrane in the presence
of pentachlorophenol has a simple phy31ca1 explanatlon. The effect of
saturation in the conductivity with increased uncoupler concentrations
(Figure 10) can be explained by a 1imited\number of binding sites
available at- the membraneeinteyface.< |

In summary, the ion,transpbrt in the presence ef PCP begins with
the formation of the diﬁe% complex in the:equeous‘solution immedietely
adjacent te the membraqef; These dimefs,tpen partitionAbetween the
aqueous solutionqand the ﬁemb;ene,vposeibly to)finding siges on the
membrane. The chargedNepgplexeenare;dfiven across the membrane by the
applied electric field. At tﬁefother memgranewiﬁterface they are either
released or dissociated; the neutrelemolecules mayfthen diffuse back'
through the membrane and beeome available for fureher binding with the
anions of the uncoupler.. As the;current~;oltage curves indicate, the

rate-limiting step in the transport process is the electrodiffusion of . .

the dimer complex from one side of the membrane barrier -to the other. .



CHAPTER 5

- - ?

CONCLUSTONS -

The effectsgof the uucoﬁpler-pentgchlorophenol‘uéon the electrical
characteristics of 1ipidﬂbilé§e;'memb;anes has been studied. It has
been determined that the conddctivity depends upon the square of the
uncoupler concentration, until satufat?ou is reached'at about S50uM/L.
The conductivity depends ufon‘the solution pH for a fixed uncoupler
concentration, the ﬁaximum occurring at a~§H équal to the pK of’§he
uncoupler. A membrane potential does not occur in the presence of a
PCP gradient, but does appear if a g;adient of pH is formed across the’
membrane. The current—voltage characteristics of éheﬁhembrane do not
saturate, with- the greatest curvature at both high ané low pH, the
least curvature at the pk of the uncoupler, On the basis of the above
daté the mechanism for chagge transport can bé'e%plaiged by the'assuﬁp—

tion that the neutral uncoupler molecules act as carriers for the

dissociated uncoupler anions, the permeaﬁt species being the HA; dimer.
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APPENDIX A. . -

-

If the dimer concentrations on either side of the membrane are

not equal, then a potential should develop across the membrane accord-

ing to! [ ]
HA " ) . p
me-%}-ln—z—l— | : . .am
(majl, ’

where [HA2]1 and [HAéjg are the dimer concentrations on opposite sides
of the membrane. We can relate these dimer concentrations to the total

uncoupler concentration by:

K, + : ‘
[ha3] = 2= [a ]? Bl . (e )? g (4)

2 (%, +HH D

Thus, if we substitute this expression of the dimer concentration into

equation (10) we obtain:
R
RT K[HAT]l
Vm = - =~ 1In — 5 F }n 5
R[aa.]; [ra, 15

According to this expression a potential should develop across the mem-—

er . (Eal]

or Vm = -

brane in the presence of a gradient in-the uncoupler concentration.



APPENDIX B

In order to derive equation (11}, let us first start with equation

(10):

[Has] S :
vm = - 8L g 271 - : (10)

[ua,1,
Now if we use equation (2)_andvsubstitute the expressions for [HA;] into
equation (10), we obtain:

RT [Hﬁljl[A“]l Ky

Vme -2l ———2 -2 L o
[, 10271, %y ’

- k3
¥

"If we now substitute the valuesﬁqf A™ aé defined by equation (1), we

obtain:
2, rytH . S
N N e S
Vo = - —— In T e : (B)
[HAJZ/[H ]2 ) : 7

"

And since the uncoupler concentrations are’ equal on each side of the
membrane equation (B) becomes:
4
rr o [E ]

(11)
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