
RICE UNIVERSITY 

IODIDE TRANSPORT IN BLACK LIPID MEMBRANES 

Sharon Sue Biesemeier Heuer 

A THESIS SUBMITTED 

IN PARTIAL FULFILLMENT OF THE 

REQUIREMENTS FOR THE DEGREE OF 

Master of Arts 

Thesis Director's Signature: 

by 

Houston, Texas 

May, 1973 



Abstract 

IODIDE TRANSPORT IN BLACK LIPID MEMBRANES 

Sharon Sue Biesemeier Heuer 

A study of iodide transport in the iodine-iodide-black lipid 

membrane system was carried out. Conductance data suggests that the 

transport process is first order with respect to both the iodine and 

iodide concentrations. To account for this and other experimental 

observations, a mechanism of iodide transport is postulated in which 

the formation of I^ is the rate determining step. 

The antithyroid agents, potassium thiocyanate, 6-n-propyl-2- 

thiouracil, and 2-L-thiolhistidine were observed to inhibit iodide 

transport. It is thought that potassium thiocyanate acts in competition 

with iodide for iodine complex formation. The two other thio-compounds, 

being much more effective inhibitors, are believed to inhibit transport 

by reducing the iodine in the system. 

Perchlorate, also a well known goitrogen, was observed to have no 

effect on iodide transport. It is postulated that it affects thyroidal 

iodide metabolism in steps subsequent to iodide transport, perhaps by 

interaction with iodide peroxidase. 

In addition, histidine was shown to affect transport in a manner 

similar to thiocyanate. As a result, it is suggested that histidine may 

form a complex with iodine. Bromide, which has no antithyroid effect, 

was observed to be transported by iodine almost as easily as iodide. 



The proposed mechanism of iodide transport is used to explain the 

mode of action of the antithyroid agents on thyroidal iodide transport 

and is shown to account for many of the experimental and clinical 

observations in the literature. 

Further experiments are suggested to substantiate the proposed 

mechanism. 
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INTRODUCTION 

Within the last ten years, the usefulness of black lipid membranes 

(BLM) as analogs of biological membranes has been established, BLM 

have been shown to exhibit many properties similar to those of biological 

membranes such as thickness, surface tension, capacitance, and the 

permeability of water and most nonelectrolytes. The major differences 

between artificial and biological membranes are in conductance, ion 

selectivity, and specialized functions.^ The greater complexity of the 

biological membrane undoubtedly accounts for the observed differences; 

however, it is the simplicity of the BLM which makes it more amenable 

to investigation. 

Although a detailed membrane structure has not yet been elucidated, 

evidence suggests that the basic structure is a phospholipid bimolecular 

layer having the polar portions of the amphipathic molecules oriented 

toward the ionic media surrounding the membrane and an interior of 

mutually oriented non-polar groups. This model is a sufficient 

description for BLM but does not adequately describe or account for the 

properties of biological membranes. Biological membranes are envisioned 

as having proteins and/or polysaccharides in association with the basic 

bimolecular membrane and, in addition, are capable of accommodating 

lipid soluble substances such as cholesterol in the membrane interior. 

Contributing further to the complexity of biological membranes is 

the great variety of lipids which they contain. The lipid composition 

depends upon the species studied, the type of tissue analyzed, and even 

2 
to a certain extent, the environment of the organism. BLM can be made 

using a single purified natural phospholipid, a synthetic phospholipid, 
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or mixtures of phospholipids. Herein lies one of the main advantages 

of the study of BLM in that one can simplify and control the membrane 

constituents. 

Black lipid membranes are so named because at the final stage of 

formation, the unit bilayer, they appear black in white light. At this 

o 

point, the film is so thin (50-70A) that total destructive interference 

occurs in the light reflected from the front and back faces of the 

membrane. The stages of membrane formation are similar to those of a 

soap film. Approximately 1 p,l. of a lipid solution is painted across 

a circular aperture which is bathed in a salt solution. Initially, the 

membrane is colorless, but as the organic solvent evaporates from the 

lipid solution, the membrane thins, and swirls of interference colors 

from the reflected light appear. The major portion of the lipid 

solution is extruded to the border of the aperture and forms a thick 

annulus. As the membrane continues to thin, it becomes gray with spots 

of black which spread until finally the whole film is black and the BLM 

3 
has a thickness comparable to that of biological membranes. 

-5 2 The specific conductance of BLM ranges from about 10 mhos/cm to 

-9 / 2 about 10 mhos/cm . There are several factors which affect membrane 

conductance. Membrane composition is a primary factor. Membranes 

prepared from lipid solutions made with hydrocarbon solvents have 

conductances one or two orders of magnitude lower than those in which 

a chloroform-methanol solution is used as the solvent. Also, membranes 

which have a net negative charge are cation selective, and those with 

a net positive charge are anion selective. Membrane electrolyte 

permeability is also pH dependent with maximum values occurring at pH 

extremes due to the dissociation of surface polar groups. Over low 
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ranges of salt concentrations, membrane conductance is constant; however, 

in general, conductance increases linearly with ionic strength at high 

salt concentrations. Temperature also has an effect on conductance, but 

4 
the effects are unpredictable and vary with membrane composition. As 

a result, temperature is held constant and in the range of membrane 

stability during conductance experiments. Lastly, the conductance of 

BLM depends upon the nature of the permeant molecule. The relative 

permeabilities of electrolytes are explainable in terms of their lipid 

solubilities.5 

In the case of biological membranes, electrolyte permeabilities 

are much higher than would be predicted by partition coefficients alone. 

In addition, biological membranes are highly ion selective. Within the 

last few years, it has become possible to modify the properties of BLM 

to exhibit conductance values similar to those of biological membranes 

as well as ion selectivity and the generation of action potentials 

similar to those seen in nerve impulses. This is accomplished by the 

addition of certain compounds to the media in which the membrane is 

formed. One such compound is valinomycin, a macrocyclic antibiotic, 

which confers high conductivity and potassium ion selectivity on BLM. 

It is thought to act as an ion carrier, the hydrophilic interior of the 

ring being capable of accommodating an unhydrated potassium ion and the 

hydrophobic exterior making the complex quite lipid soluble. Since 

valinomycin is a neutral molecule, the complex has the charge of the 

potassium ion. At a valinomycin concentration of 10 ^M. and a salt 

concentration of 10 ^M., the conductance in the presence of K+ is 1000 

times that in the presence of Na+. The size difference between the ions 

is thought to be the reason for the observed specificity, the sodium ion 
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being too small for maximum electrostatic interaction with the carbonyl 

oxygens of the valinomycin ring. A plot of log conductance versus log 

valinomycin concentration is linear with a slope of one which indicates 

that the charge-carrying unit is indeed a single valinomycin molecule.^ 

Another system in which membrane permeability can be altered 

significantly is that of iodine-iodide. Pioneer studies on the system 

began when it was discovered that BLM in solutions of iodide ion exhibit 

conductances several orders of magnitude greater than in similar 

solutions of the other halide ions. This anomalous behavior was found 

to be the result of the presence of small amounts of iodine in the iodide 

solutions as shown by the fact that if sodium thiosulfate were added to 

remove the traces of iodine present, the conductance of the potassium 

iodide solutions was reduced to a value similar to the other halide ions. 

It was also determined that iodine alone does not significantly affect 

the membrane conductance.^ The dependence of conductance on iodide 

concentration has been shown to be first order. However, the dependence 

of conductance on iodine concentration is somewhat ambiguous, one 

g 
determination having shown the dependence to be second order and the 

other having shown first order dependence which becomes higher order 

9 
with increasing iodine concentration. 

Several mechanisms have been proposed to account for the 

conductance characteristics of BLM in iodine-iodide solutions. One 

is an ionic conduction mechanism in which a polyiodide species such as 

I^-, *5”» or some higher complex mediates the transport of i”. It is 

a carrier model similar in concept to that of valinomycin in which the 

polyiodides, due to their large radii and delocalized charge, serve to 

solubilize the iodide ion in the membrane.^ Another ionic conduction 
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mechanism has been suggested in which iodine is considered to form a 

charge-transfer complex with the lecithin in the membrane. With the 

complex partially dissociated into a fixed lecithin-I+ and a loosely 

associated I , under the influence of an electric field, the I ions 

move across the membrane and are constantly replaced by I ions from the 

solution. A third mechanism which has been proposed is an electronic 

conduction mechanism. During the passage of current across the membrane, 

electrons are supplied at one membrane interface by the redox reaction, 

I -* l/2 + e , and are picked up by at the other interface.^ 

No one particular mechanism can explain all of the experimental 

evidence which has been obtained; however, some seem more plausible than 

others in light of the investigations which have been done. The fact 

that similar conductance increases are obtained for membranes made from 

saturated and from unsaturated lecithin seems to rule out the charge- 

transfer mechanism since unsaturation should promote complex formation. 

For measurements in II solutions with an iodide gradient, the 

resultant diffusion potential varies linearly with the log of the ratio 

of the iodide concentrations, positive on the side having the higher 

iodide concentration. This result is predicted by both the ionic and 

electronic conduction mechanisms. However, in Ij-I solutions with an 

iodine gradient, the membrane potentials were found to be negative on 

the side having the lower ^ concentration. This result is predicted 

by the ionic mechanism but is exactly opposite that anticipated for an 

12 
oxidation-reduction process. In another experiment designed to test 

the mechanism, the application of a d.c. current over a 45 minute period 

131 
resulted in a flux of I across a membrane in an I1 solution 

approximately ten times smaller than would have been predicted by the 
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iodide transport mechanism. However, flux measurements are 

complicated by the fact that iodine has a high diffusion rate even in 

14 
the absence of an electric current. Thus, there is no conclusive 

evidence which explains the conductance characteristics of BLM in 

iodine-iodide solutions. 

Iodide transport has biological significance with respect to the 

function of the thyroid gland. Only a small amount of iodide ion enters 

the gland by simple diffusion; the major portion enters by some form of 

transport.^ Iodide ion is required by the thyroid gland for the 

formation of thyroxine, the thyroid hormone. Thyroxine is a tetra- 

iodinated, phenolic, diphenyl ether with an alanine side chain. ^ 

Iodide ion is metabolized in the thyroid gland through a sequence of 

events. First, iodide is transported into the gland from the blood 

stream by what is believed to be a carrier mechanism although the 

carrier has not yet been identified. Thyroglobulin (Tgb), a protein 

contained within the thyroid gland, serves as a template for the 

formation of thyroxine. Through some oxidative enzyme system, the 

iodide present in the thyroid reacts with the tyrosine residues of 

thyroglobulin to form protein bound monoiodotyrosine (MIT) and 

diiodotyrosine (DIT). Thyroxine (T^) is then formed within the Tgb 

molecule by the coupling of two molecules of diiodotyrosine followed by 

the loss of an alanine side-chain. Triiodothyronine (T^) is similarly 

formed by the coupling of one molecule of MIT and one of DIT. Triiodo¬ 

thyronine also functions as a thyroid hormone and has a greater 

biological potency than thyroxine; however, it is produced in much 

smaller amounts than T^. Hydrolysis of the thyroglobulin molecule 

occurs resulting in the release of the thyroid hormones, T^ and T^, 
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and the tyrosine derivatives, MIT and DIT, which were bound by Tgb into 

the thyroid gland as free species. The thyroid hormones are secreted 

into the blood stream, and the iodotyrosines are deiodinated whereupon 

the liberated iodide is reused in the cycle or returns to the blood 

„ 17 
stream. 

There are two general classes of thyroid related diseases, 

hypothyroidism and hyperthyroidism. Hypothyroidism results from 

insufficient production of thyroid hormone due to a malfunction of the 

gland at any point in iodide metabolism, a disorder of the pituitary 

resulting in impaired secretion of thyroid stimulating hormone, or 

simply a dietary lack of iodide ion. Hyperthyroidism results from 

excessive hormone production due to abnormal stimulation of the gland. 

Characteristics of hypothyroidism are "low basal metabolic rate, slow 

heart beat, mental sluggishness, hypercholesterolemia, longer reflex 

times, and, in infants, retarded mental and physical growth 

(cretinism)". In contrast, symptoms of hyperthyroidism are "a high 

basal metabolism with concomitantly increased heat production..., rapid 

pulse, nervousness, quicker reflex times, increased activity of a wide 

variety of enzymes, and lowered blood cholesterol". Goitre formation, 

a gross enlargement of the thyroid gland which serves to increase its 

hormone production capacity, may occur in both hyper- and hypothyroid 

individuals. However, the causes of goitre formation in the two cases 

are not the same. In hyperthyroidism, goitre is the result of abnormal 

stimulation of gland growth. In the case of hypothyroidism, the cause 

of goitre formation is a bit more complicated. Low levels of thyroxine 

in the blood due to defects in glandular iodide metabolism or to lack 

of dietary iodide reduce the normal negative feedback to the pituitary. 
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As a result, the pituitary secretion of thyroid stimulating hormone 

20 increases, inducing the gland to grow. 

Hypothyroid individuals suffering from glandular defects are 

treated by administering doses of thyroxine, and for those with iodide 

21 deficiencies, the trivial solution is a dietary iodide supplement. 

Surgery to remove part of the thyroid gland or administration of 

131 radioactive iodine (I ) which destroys thyroid tissue are possible 

ways to treat hyperthyroidism. However, both methods result in 

permanent myxedema, a skin disease characterized by dryness and 

swelling due to insufficiency of thyroid function. A treatment which 

does not cause permanent myxedema and which controls hyperthyroidism is 

the use of antithyroid drugs, also known as goitrogens or goitrogenic 

22 agents. Antithyroid drugs decrease the production of thyroid hormone 

by inhibiting either the transport or the organic binding of iodide. 

The effect is equivalent to that observed for hypothyroid individuals 

in which there is a thyroid metabolic defect. When normal individuals 

are treated with antithyroid drugs, an increase in pituitary secretion 

of thyrotrophin with resultant gland growth is observed, hence the name 

goitrogen. However, in cases of hyperthyroidism, antithyroid drugs 

serve to reduce the excessive production of thyroxine to normal levels. 

In vivo and in vitro studies have been performed in an effort to 

determine the mechanism of action of goitrogens. The experiments 

suggest that there are several ways in which antithyroid drugs can 

operate in thyroid inhibition. One group of goitrogenic compounds is 

believed to interfere with the initial acquisition of iodide from the 

blood stream by the gland. This is a group of monovalent anions of 

which the most potent and extensively studied are thiocyanate and 
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perchlorate. Since organic binding of iodide ion is believed to occur 

almost instantaneously following iodide transport into the gland, many 

studies concerning the thyroidal I transport mechanism have been 

performed on "blocked" glands. The blocking agents used are antithyroid 

drugs which are thought to prevent the organic binding of iodide but 

do not interfere with iodide transport. Thus, the results obtained 

- 23 
reflect solely the characteristics of the I transport mechanism. 

These and other studies of thyroid inhibition by thiocyanate have 

131 
revealed some interesting facts. Tracer studies using I have shown 

that administration of thiocyanate to individuals with blocked glands 

24 
causes a rapid discharge of iodide. Analysis of thyroid slices from 

thiocyanate treated animals has revealed that thiocyanate reduces both 

25 
the accumulation and the organic binding of iodide. In addition, 

simultaneous treatment with iodide prevents the goitrogenic effect of 

thiocyanate. Consequently, it has been assumed that when large doses 

of iodide are given, enough iodide enters the gland by diffusion to 

26 35 
maintain normal hormone output. Administration of S -labelled 

thiocyanate and subsequent analysis of thyroid slices has shown that 

35 
a large amount of the S in the gland is present as sulfate. It is 

thought that some type of metabolic degradation of thiocyanate occurs 

in the gland, and it has been found that in the presence of thiourea, 

iodide, or sulphadiazine the conversion of thiocyanate to sulfate does 

27 
not occur. In spite of all the information with regard to the 

thiocyanate inhibition of I transport, the mechanism of action has not 

yet been elucidated. It has been suggested that thiocyanate may act 

28 
on thyroid enzymes; however, the evidence for this proposal is 

sparse. 
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Another monovalent anion which has been found to act as a thyroid 

inhibitor is perchlorate. Perchlorate, like thiocyanate, promotes the 

discharge of I in rat thyroids treated with propyl-thiouracil, a 

blocking agent. However, in contrast to thiocyanate, analysis of 

thyroid slices and in vivo studies of the thyroid gland indicate that 

perchlorate does not affect the organic binding of iodide nor is it 

degraded by the thyroid metabolism. The fact that perchlorate is 

concentrated to a small extent in rat thyroids suggests that the thyroid 

iodide carrier is not specific and that the effect of perchlorate may 

29 
be due to its similarity to iodide with respect to charge and volume. 

Other anions which display varying degrees of inhibitor activity 

are chlorate, hypochlorite, periodate, iodate, biiodate, and nitrate. 

Relative inhibitor potencies were assigned on the basis of the ability 

of the anion to promote the discharge or prevent the uptake of I in 

blocked rat thyroids. Perchlorate was determined to be the most potent, 

being about ten times as effective as thiocyanate, whereas nitrate was 

30 
the least potent, being about 1/30 as effective as thiocyanate. Other 

halide ions, fluoride, chloride, and bromide have only a slight inhibitor 

effect in vitro and show no antithyroid activity in vivo. In a different 

type of study, the relative activities of the monovalent ions were found 

to correlate roughly with their solubilities in lipid extracts from 

31 
beef thyroid glands. 

The goitrogenic activity of a second group of antithyroid 

drugs may be attributed to their effect on steps in the thyroid 

iodide metabolism subsequent to iodide transport. Already mentioned 

for their usefulness as blocking agents, this group of inhibitors 

includes such classes of compounds as thionamides, aniline derivatives, 
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and aminoheterocyclic compounds. Although generally categorized as 

inhibitors of the organic binding of iodide, it has been observed that 

these goitrogens inhibit the coupling of diiodotyrosine to the greatest 

extent, iodination of monoiodotyrosine to a lesser extent, and they 

affect the formation of monoiodotyrosine the least. Of this category 

of antithyroid drugs, the most extensively studied have been the 

thionamides, especially thiourea and derivatives of thiouracil. It has 

been shown that thionamides in sufficient quantities to prevent the 

organic binding of iodide do not affect iodide transport; in fact, the 

32 
iodide concentration in the gland actually increases. It has also 

been found that iodide when administered in conjunction with the 

33 thionamides reduces but does not prevent their goitrogenicity. Some 

generalizations about structure-function relationships have been made 

with regard to thiouracil derivatives, the most interesting of which 

are that substitution on the 2-sulfur atom destroys inhibitor activity 

and that there is a regular variation in potency with variation in 

34 alkyl side-chain length at the 5- or 6- position. It has been 

suggested that the thionamides act as inhibitors by reacting with 

elemental iodine produced in the thyroid gland thereby preventing its 

utilization in thyroxine synthesis. Another proposal is that the 

thionamides affect an enzyme peroxidase system responsible for 

converting iodide to a state where iodination can take place. These 

theories have been discounted by those who have determined that the 

thionamides seem to inhibit the iodination of tyrosine to a lesser 

35 
extreme than the subsequent steps in thyroxine biosynthesis. Thus, 

as in the case of thiocyanate, no completely acceptable explanation for 

the mechanism of action of compounds which inhibit the organic binding 
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of iodide exists. 

A third way in which antithyroid compounds may act is by inhibiting 

the secretion of thyroxine into the blood stream. The only compound 

which is believed to act in this manner is iodide itself, but, curiously, 

3 6 inhibition is only observed in hyperthyroid individuals. Thus, 

although the in vitro and in vivo studies of the activity of the 

different types of goitrogenic compounds are numerous and there has 

been active research in the area for about the last thirty years, no 

explanation consistent with all the experimental evidence has been 

found. 

In view of the recent work demonstrating possible iodide transport 

in artificial membrane systems, it seems that a novel approach to 

determining the mechanism of action of thyroidal iodide transport 

inhibitors would be to study the effects of those goitrogenic agents 

on the BLM iodine-iodide system. Such a study cannot be considered 

ideal because it involves extrapolation of results obtained for a simple 

artificial system to account for processes occurring in a complex 

biological system. However, it could afford valuable insight concerning 

the mechanism of iodide transport as well as the mode of action -of the 

antithyroid drugs. 

Drawing analogy between iodide transport in the artificial system 

and the biological system necessitates the acceptance of an ionic rather 

than an electronic mechanism. Whereas in the artificial system, either 

mechanism will explain observed conductance changes ; in the thyroid 

gland there must be an actual physical replacement from the blood stream 

of iodide used in the formation of thyroxine. The analogy also 

immediately suggests that elemental iodine is the unknown thyroidal 
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iodide carrier localized in the thyroid membrane. It follows that 

thyroidal iodide transport inhibitors may function by affecting the 

interaction between iodine and iodide in some way. This is not an 

unlikely mode of action considering the known reactions of iodine with 

compounds which are antithyroid drugs. Thiourea and numerous 

derivatives of thiouracil are known to react readily with several 

equivalents of iodine at room temperature and at a pH of 6.8. The 

corresponding disulfides are formed by the reduction of one equivalent 

of iodine. Further reaction with anywhere from three to eight 

equivalents of iodine is presumably due to the reactivity of breakdown 

37 products. Also, there is a good deal of evidence which suggests there 

is some type of complex formation between iodine and thiocyanate ion, 

most likely ^SCN . The equilibrium constant for dissociation has a 

value of 0.009 at 25°C. Spectrophotometric studies show the complex 

to be stabilized by low temperatures, low pH, and high ionic strength. 

3 8 
Decomposition results in the production of sulfate ion. Complexes of 

iodine with bromide ion are also known to exist; however, there are no 

known complexes of iodine with perchlorate or any of the other monovalent 

anion antithyroid agents. Aniline derivatives are considerably less 

reactive toward iodine than are the thionamides reducing only a fraction 

of an equivalent probably by complex formation also. 

As previously mentioned, a criticism of the theory that some of 

the antithyroid drugs act simply by reducing elemental iodine in the 

gland thus preventing iodination of tyrosine residues is that the 

subsequent steps in thyroxine formation seem to be more sensitive to 

the presence of goitrogens than is the initial iodination reaction. 

Specifically, experiments on rat thyroids have shown that treatment 
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with propyl-thiouracil causes a considerable reduction in the inorganic 

131 131 
and organic uptake of I . Associated with the decreased X uptake 

is a pronounced increase in the ratio of monoiodotyrosine to 

diiodotyrosine, and there is a substantial decrease in thyroxine 

formation. However, treatment with perchlorate also results in 

131 
decreased I uptake, but only a slight change in the proportions of 

MIT, DIT, and thyroxine results. It was reasoned that if the function 

of propyl-thiouracil were just to inhibit the initial iodination of 

tyrosine by reacting with iodine that the ratios of MIT to DIT would 

remain essentially constant. The basis for this conclusion being that 

since perchlorate reduces the amount of iodide available in the gland 

for conversion into iodine and thereby reduces the amount of iodinated 

tyrosine, the effect of both inhibitors on the relative amounts of 

iodinated products should be the same. The elevation of the MIT to DIT 

ratio in the one case was suggested to be a result of the direct 

inhibition by propyl-thiouracil of the conversion of MIT to DIT and of 

39 
the coupling of DIT to form thyroxine. Although this criticism 

concerns the action of certain antithyroid drugs on iodine within the 

cells of the thyroid gland, the idea of iodine as a thyroidal iodide 

carrier localized in the cell membrane being a new one, the reaction 

with iodine either within the cell or within the membrane would be 

expected to have similar effects. Thus, the same criticism applies and 

must be dealt with. The study of the lipid membrane-iodine-iodide 

system could not be expected to reveal anything specifically about the 

possible action of goitrogenic agents on the conversion of MIT to DIT 

or on the coupling of DIT to form thyroxine, but it could point out 

differences in the mechanisms of action between perchlorate and 

propyl-thiouracil which might account for the apparent discrepancy. 
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EXPERIMENTAL 

APPARATUS 

The apparatus shown in Figure la consists of an artificial membrane 

cell assembly and a calomel electrode salt bridge assembly placed in a 

specially designed plexiglass holder and mounted on a magnetic stirrer. 

The magnetic stirrer is set on a lab jack for adjustable height, and, in 

addition, the lab jack supports a vertical bar with a thermometer clamp 

attached. The apparatus is enclosed in a 16”x27”x27” sheet metal box 

with a partially open front which serves as an electromagnetic shield. 

The lab jack is supported on a foam cushion, and the sheet metal box 

is set on a heavy, level, vibration-free table to avoid any physical 

disturbance which would cause a membrane to break. A 75 watt reflector 

spot light is mounted using a ceramic socket on the inside, top, center 

of the box, and the electrical wires are led out the top through two 

small holes. The lamp functions as the heat source as well as a light 

source for the apparatus. The ~1 mm. circular aperture of the teflon 

cup is viewed through a 60x microscope, and the aperture is illuminated 

by a 3 amp, 6.4. v. microscope light. Both the microscope and light are 

supported on stands and are positioned at such an angle that the light 

reflected by the membrane from the microscope light may be seen through 

the microscope. A small angle of incidence is necessary. The reflector 

lamp and the microscope light are connected to "variac" voltage 

regulators. The reflector lamp serves as the temperature control. 

The "variac" is set so that the solution temperature is maintained at 

35°C. ± 1°C. 
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Figure la 

Overall View of Apparatus 
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The membrane cell and electrode assemblies are shown in Figure lb. 

The membrane chamber has inner dimensions of 2.2 cm. x 5 cm. x 1.5 cm. 

and is made of molded plastic. A glass slide affixed with epoxy is used 

as the front face of the chamber for ease in viewing membrane formation. 

The membrane cup is made of teflon and has an inside diameter of 2 cm. 

and is 2 cm. high. A salt solution in the cup and chamber serves as the 

medium in which the membrane is formed and conductance measurements are 

made. Two RCl-agar salt bridges connect the cup and chamber, 

respectively, to the calomel electrodes. The calomel electrodes are 

held by rubber stoppers in 10 ml. beakers which contain saturated KC1. 

The electrodes are connected via an input cable to an ELS SA-1 

stimulator/amplifier which measures the voltage drop across the 

electrodes and membrane for a particular applied voltage. This 

potential difference is recorded on a strip chart recorder. The wires 

leading to the recorder and the magnetic stirrer are shielded with wire 

mesh to avoid electromagnetic interference, and the sheet metal box and 

electrode cable are grounded. 

PREPARATION OF SALT BRIDGES 

The salt bridges contain a gel of 3% agar - 3M. KC1 (or NaCl) . 

The gel is prepared in the following manner: 250 ml. of 3M. salt 

solution is boiled, and while the solution is boiling, 7.5 gm. of agar- 

agar powder is stirred into the salt water. (If the temperature of the 

solution is less than about 100°C. when the agar is added, the agar will 

not melt and the solution will not gel.) The solution is removed from 

the heat, and while the solution is warm and fluid, it is drawn by 

mouth into precut 15” lengths of polyethylene tubing (I.D. 0.062", 
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Figure lb 

Close-up of Membrane Cell and Electrode Assembly 
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O.D. 0.082"). Once inside the tubing, the solution immediately gels, 

and the tubing is then cut into 4" length salt bridges using a sharp 

razor blade. There must be no air spaces within the gel or at either 

end of the salt bridge. The salt bridges are stored in petri dishes 

containing 3M. salt solution to prevent them from drying out. 

PREPARATION OF SALT SOLUTIONS 

All salt solutions to be used on the membrane cup and chamber 

should be prepared fresh every day. The solutions are made using pre¬ 

boiled, deionized water. (Boiling is necessary to degas the solution 

as bubbles interfere with membrane formation.) The solutions are made 

in volumetric flasks and should be kept throughout the day either in the 

flasks or some kind of stoppered containers to prevent evaporation and 

to retard the dissolution of air. 

PREPARATION OF THE BUFFER SOLUTION 

A solution of 0.1M. histidine pH 7.0 is used as a buffer when 

desired. It is prepared by dissolving the appropriate amount of 

histidine hydrochloride in a small quantity of water, neutralizing the 

solution with a concentrated KOH or NaOH solution, and then bringing 

the solution to the proper volume in a volumetric flask. Five ml. of 

the buffer per 100 ml. of salt solution is used. 

PREPARATION OF CARRIER OR INHIBITOR SOLUTIONS 

It is generally desirable to use deionized water or 1 % ethanol 

(made from absolute ethanol) as the solvent for the carrier or inhibitor 

under study. Since these solutions are added to the membrane cup, 
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both the solvents and the solutes must be slightly soluble in water. 

If the solubility of the compound is such that neither water nor 1% 

ethanol are adequate solvents at the desired concentration, then 

absolute ethanol or other similar solvents may be used. However, these 

solvents by themselves have an effect on membrane conductance and cannot 

be used in large quantitites. 

PREPARATION OF MEMBRANE SOLUTION 

Purified egg lecithin in absolute ethanol, 36.5 mg./ml., may be 

purchased from the Sylvana Chemical Company, Milburn, New Jersey. The 

solvent is removed from 2 ml. of this solution on a rotary evaporator to 

give approximately 73 mg. of dry lecithin. The dry lecithin is kept in 

a nitrogen atmosphere since exposure to air will cause rapid oxidation 

resulting in a poor membrane solution. To the dry lecithin solution is 

added 1.2 ml. of chloroform, 0.8 ml. of methanol, and 0.4 ml. of decane 

to give a solution of 3% lecithin in 3:2:1 chloroform:methanol : decane. 

This solution is stored in the freezer in a nitrogen atmosphere and has 

a lifetime of about two months. 

From 0.2 ml. of this stock lecithin solution, a membrane solution 

is made by adding 6 mg. of purified powdered cholesterol. The cholesterol 

lends stability to the membranes. Because this membrane solution is in 

constant use throughout an experiment and is continuously exposed to the 

air, the lifetime of the solution is only about three days. 

MEASUREMENT OF MEMBRANE CONDUCTANCE 

As previously mentioned, the function of the stimulator/amplifier 

is to measure the voltage drop across the electrodes and membrane when 
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a particular voltage is applied. The stimulator/amplifier has a 

10-turn potentiometer which may be used to control the voltage applied 

from a 5.4 volt battery. It also has a variable resistor of 0.1 to 

1000 megohms. The applied voltage when distributed across the membrane, 

electrode, and input resistances is in proportion to their ratio. A 

simplified circuit diagram with the derivation of the formula used to 

calculate membrane resistance from the measured potential difference 

is shown in Figure 2. The membrane resistance calculated in this way 

has the units of ohms. Actually, the membrane resistance is a function 

of the area of the membrane, and in order that the data be universally 

meaningful, the specific resistance should always be reported. 

Specific resistance is obtained by multiplying the resistance by the 

-2 2 
area of the membrane which in this study is 0.78 x 10 cm. ; and thus, 

2 
it has the units of ohms-cm . Conductance is the reciprocal of 

resistance and is in units of mhos. Similarly, specific conductance 

2 
is the reciprocal of specific resistance and had the units of mhos/cm . 

The stimulator/amplifier may be calibrated using resistors in place of 

the electrodes and membrane in the circuit. 

Prior to each experiment, certain electrical checks must be 

performed. The electrode potential may be checked by setting the input 

resistance value at 100 M fi and the recorder on the O.lv scale. In 

switching from the open position (electrodes not in circuit) to the 

operate position (electrodes in circuit) in the stimulator/amplifier, 

the difference in the baseline for the two positions should not exceed 

5 mv. The electrode resistance, R^, is measured by setting the input 

resistance at 0.1 M 0, the open-operate switch to operate, the recorder 

scale on O.lv, the 10-turn potentiometer to 0.10 which represents an 
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Figure 2 

Diagram of Stimulating and Recording Circuit 
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applied voltage of 54 mv, and then depressing the potential switch. 

If a different applied voltage is to be used, the electrode resistance 

must be determined at that voltage. It should be noted that if an air 

space is present in the salt bridge gel or between the end of the salt 

bridge and the solution, there will be an infinite electrode resistance 

causing the recorder pen to go off scale when a potential is applied. 

A check of the cathode follower balance need only be made once a day 

and is carried out in the following manner: the input resistance is 

set at 1000 HQ, the recorder scale at O.lv, and a voltage of 5.4 v is 

applied. Should the recorded potential be greater than 10 mv, an 

adjustment of the instrument as prescribed in the stimulator/amplifier 

manual is necessary. The final measurement is to determine the open 

circuit voltage for the applied potential. With the input resistance 

set at 1000 M Q, the recorder scale on lv, the open-operate switch in 

the open position, and the potentiometer set at 0.10, the potential 

switch is depressed. The recorded potential is V. 

PROCEDURE 

A typical "run" is executed in the following manner: the recorder 

is turned to "stand-by" to allow it to warm up, and the batteries are 

connected to the stimulator/amplifier. Solutions are prepared in the 

manner previously described. The aperture in the membrane cup is pre¬ 

coated with membrane solution using a small brush in order to facilitate 

the formation of a stable membrane later on. A few brush strokes are 

sufficient, and when the aperture is dry, the cup is fitted into the 

center of the membrane chamber. Approximately 1 mm. of clearance is 
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allowed between the bottom of the cup and the chamber so that the cup 

can be tilted slightly forward and backward for leveling purposes. 

12.5 ml. of salt solution is pipetted into the cup and chamber, the 

solution distribution being approximately 3.5 ml. in the cup and 9.0 ml. 

in the chamber. A small, teflon-coated, magnetic stirring bar is placed 

in the cup, and any bubbles on the stirring bar or in the cup are 

dislodged as they may lead to recorder baseline problems. 

The chamber is then positioned on the magnetic stirrer, and the 

cup is leveled. The electrode cells are connected to the cup and 

chamber with salt bridges as shown in Figure lb. Then the thermometer 

is inserted in the chamber near the aperture. Since high stirring 

speeds cause membrane vibration and baseline problems, the magnetic 

stirrer is set on a low speed. The stirrer is used the duration of the 

experiment. The salt solution is warmed to 35°C. in about ten minutes 

by setting the variac control for the reflector spot light at 110. 

While the solution is warming up, the microscope light is turned on, 

and the cup aperture is located through the microscope and brought into 

focus. During this time the electrical checks previously mentioned are 

also performed. When the solution temperature reaches 35°C., the 

variac setting is immediately reduced to a setting which will maintain 

the solution temperature at 35°C ± 1°C. This setting depends upon the 

room temperature. 

A membrane is made by dipping a small brush in the membrane 

solution, getting rid of the excess fluid, and painting the solution 

across the aperture on the inside of the membrane cup while observing 

the aperture through the microscope. A membrane is most easily formed 

by blotting the brush against the aperture or with a single brush 
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stroke from one side to the other. Repeated brush strokes may 

generate "suds", and if this is the case, it is best to discard the 

salt solution, clean the cup and chamber, and begin again. Once a 

membrane is formed, its black formation is observed through the 

microscope, and conductance measurements are then made. 

The stimulator/amplifier settings for conductance measurements are 

as follows: the open-operate switch is on operate, the potentiometer 

is set at 0.10, and the input resistance is initially 1000 M Q. The 

recorder scale is set on O.lv, and a convenient recorder speed is 1 inch 

per minute. Should the recorded potential be below lOrav, a scale change 

is made by lowering the input resistance, not by changing the recorder 

scale. The O.Olv recorder scale is too sensitive to noise. Similarly, 

if the recorded potential is above about 80 mv, a scale change is made 

by raising the input resistance. In general, the larger the membrane 

resistance, the longer is the recorder response time. Noise in the 

recorder baseline may be the result of one of several things. Bubbles 

on the magnetic stirring bar, a high stirring speed, or non-grounded 

wires are three things to avoid. Also, outside a.c. interference may 

be picked up by the input cables. 

After the conductance measurements for a single membrane are 

carried out, it is essential that the cup, chamber, and brushes be 

clean before the next membrane is made. The chamber is cleaned by 

rinsing several times with deionized water and is allowed to dry or 

may be dried with a "Kimwipe". Organic solvents may not be used as 

they will dissolve the plastic and epoxy. The teflon cup and teflon- 

coated stirring bar are also rinsed several times with deionized water, 

then with methanol, then chloroform, and finally several more times 
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with deionized water. They are dried in the same way as the chamber. 

The brush tips are cleaned in the same manner as the cup. 

In studying the effect of a compound on membrane conductance, it 

may be noted that there are three different ways to carry out the 

experiment. Depending on solubility, the amount of the compound 

available, and the purpose of the study, the compound may be present 

in the salt solution prior to membrane formation, a solution of the 

compound may be added to the membrane cup or chamber after the membrane 

is made, or the compound may be added to the membrane solution before 

the membrane is formed. If a solution is to be added to the cup after 

the membrane is formed, not more than 60 p,l. should be added without 

adding a compensatory amount of water to the outside of the cup on a 

volume ratio; otherwise, the increased hydrostatic pressure will cause 

the membrane to bow out of the plane of the aperture and break. In 

addition, when a compound is added to the cup after the membrane is 

made, its effective concentration is the concentration of the compound 

calculated on the basis of the cup volume. If the compound is 

incorporated into the solution prior to membrane formation, its 

effective concentration is its concentration in the solution. 

DATA 

The stimulating and recording circuit was checked initially for 

accuracy using known resistances in the range of 0.2 to 75 megohms. 

It was observed that the error in measurement could be kept below 10% 

when R^ was set to within one to two orders of magnitude of the 

measured resistance and below 5% when the measured voltage drop was 
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approximately half of the applied open circuit voltage. 

In all of the experiments performed, membranes were made from the 

lecithin-cholesterol solution previously described. 

The standard basis for comparison of membrane properties are the 

measurements made in either a potassium or sodium chloride solution. 

It was found that membranes made in these salt solutions had specific 

“6 2 conductances slightly less than 10 mhos/cm . 

Stable membranes had lifetimes of about two hours. The time 

period required for black formation varied from about 15 seconds to 10 

minutes, the majority of times being less than 3 minutes. The length 

of formation was observed to vary with the age of the membrane solution. 

Membranes made from older solutions in which some solvent had evaporated 

were thicker initially, and several minutes were required for the 

transition from the interference colors to the black stage. 

The membrane specific conductance was determined in a series of 

0.1 M. potassium salt solutions at pH 7.0. The values are given in 

Table 1. In the case of potassium iodide, the specific conductance 

was determined in the presence of added sodium thiosulfate which 

reduces any iodine in the solution. It is assumed that the sodium 

thiosulfate had a negligible effect on the specific conductance in 

0.1 M. potassium iodide since a similar concentration of sodium 

thiosulfate did not affect the conductance value in a 0.1 M. potassium 

chloride solution. 

Absolute ethanol was observed to have a slight effect on the 

membrane conductance as shown in Figure 3. Consequently, when it was 

necessary to use absolute ethanol as a solvent, as a rule, quantities 

no greater than 20 |j,l. were added to the membrane cup. 



Table 1 

Salt [Salt] M. 
2 

G mhos/cm 

KG 10. 
4 

0.1 3.93 x 10‘6 

KSCN ft 3.24 x 10"6 

KIO. 
4 

tf 1.74 x 10~6 

Kl t! 1.20 x 10"6 

KNO3 
t! 8.87 x 10-7 

KC1 fl 8.07 x 10-7 

KIO3 
ff 7.59 x 10"7 

KBr îf 7.42 x 10"7 



29 

Figure 3 
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When the effect of valinoraycin on membrane conductance was studied, 

two solutions of different concentrations of valinomycin in 1% ethanol 

were made and were added in varied amounts to the membrane cup after 

the membrane was formed. Measurements were taken for 0.1 M. potassium 

chloride and sodium chloride solutions as a basis for comparison with 

the existing data in the literature. The results are shown in Figure 4. 

The slope of the plot for KC1 was determined by linear regression to be 

1.20 and that for NaCl to be 0.18. The pH of all solutions was 5.5 due 

to the presence of histidine buffer of that pH. It was necessary in 

this set of experiments to use sodium chloride- agar salt bridges when 

studying the effects of valinomycin on membrane conductance in a sodium 

chloride solution. The use of potassium chloride - agar bridges 

resulted in a significant increase in conductance for the NaCl solution 

over the values obtained when sodium chloride - agar bridges were used. 

Presumably, some of the potassium chloride from the salt bridge was 

leached into the sodium chloride solution and resulted in an increase 

in conductance in the presence of the potassium selective ion carrier, 

valinomycin. Conductance measurements were also made in 0.1 M. potassium 

bromide and potassium perchlorate solutions to determine whether or not 

different anions would have an effect on the conductance produced by 

the valinomycin-potassium ion complex. The results are given in 

Figure 5. The slope of the KBr plot was found to be 1.15, and for 

KC10^, a value of 0.58 was calculated. 

When the membrane conductance in a solution of 0.1 M. potassium 

iodide was determined, it was observed to be several orders of magnitude 

greater than the values for a potassium chloride or bromide solution. 

As suggested in the literature and confirmed by the addition of sodium 
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Figure 4 
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Figure 5 
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thiosulfate, the anomalous conductance is due to the presence of small 

amounts of iodine in the potassium iodide. 

The amount of iodine present per mole of potassium iodide was 

estimated by titration of a 0.1 M. KI solution containing histidine 

buffer, pH 5.5., with sodium thiosulfate. The titration was carried 

out by the addition of 10 (j,l. portions of sodium thiosulfate to the 

potassium iodide solution in the membrane cup with a membrane present. 

Sodium thiosulfate was added until the conductance of the solution 

reached a minimum at which point it was assumed that all of the iodine 

present had reacted. Based on the amount of sodium thiosulfate added 
_3 

(50 p,l. of 1.0 x 10 M. solution), the iodine content of the potassium 

iodide was determined to be 2.0 x 10 moles of iodine per mole of 

potassium iodide. 

In order to determine the dependence of the membrane conductance 

on iodine concentration, a series of measurements were made in which 

-3 
the potassium iodide concentration was held constant at 10 M., and 

different amounts of iodine were added to the membrane cup in the 

presence of a membrane. Separate ’’runs" were done for each iodine 

concentration. Several different concentrations of iodine in absolute 

ethanol were prepared, and no more than 10 jxl. of solution were used 

in each experiment. A plot of the specific conductance versus the free 

iodine concentration is shown in Figure 6. The free iodine concentration 

was calculated from the initial iodine and iodide concentrations assuming 

the literature value for the dissociation constant at 40°C. of 
_3 

1.7 x 10 . The plot is linear with a slope of 1.04 and a y-intercept 
_3 

of 2.39. The point of lowest conductance is for a 10 M. solution of 

KI with no added iodine. The only iodine present in this case was that 
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in the potassium iodide as an impurity, and the amount was calculated 

on the basis of the mole ratio of iodine to potassium iodide determined 

above. This amount of iodine, although small in comparison to the added 

iodine, was taken into account when calculating the concentrations of 

added iodine for each of the "runs". Steady state conductance values 

were obtained within ten minutes after the addition of iodine to the 

cup. 

_3 
It was observed that the conductance of a 10 M. KI solution with 

10 M. added I^ remained constant for approximately twelve minutes 

after the addition of iodine to the cup and then slowly decreased over 

about a two-hour period, at which point the membrane broke. During this 

period, small bubbles adhering to the membrane cup and chamber 

developed. The fact that the membrane broke is not surprising since 

its stability limit in any solution was about two hours. However, the 

membrane conductance slowly decreased during the two-hour period by two 

orders of magnitude as shown in Figure 7. Two further experiments were 

carried out in an effort to determine the cause of the slow conductance 

_3 
change. A 10 M. potassium iodide solution with added iodine was 

prepared. In this case the iodine was added to the potassium iodide 

solution in the cup and chamber with no membrane present. Consequently, 

there was a lower effective iodine concentration in this solution than 

that of the initial experiment. Part of this solution was stored in a 

flask in a nitrogen atmosphere. 12.5 ml. of the potassium iodide- 

iodine solution was allowed to sit in the membrane chamber at 35°C. 

with stirring for two hours, and then a membrane was made. The 

conductance was found to be similar to the value from the initial 

experiment obtained at the end of the two-hour period. Then the 
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membrane conductance was determined in the solution which had been 

stored for two hours at room temperature in a nitrogen atmosphere. 

After taking into account the differences in iodine concentration, the 

conductance value obtained for this experiment was comparable to that 

found at the beginning of the initial experiment. These results suggest 

that the slow conductance change was not due to any alteration in the 

properties of the membrane itself but rather a change which occurred in 

the solution when it was open to the air at elevated temperatures. 

The inhibition of iodide transport by certain antithyroid agents 

was studied by determining conductance changes in the normal iodine- 

iodide system brought about by the addition of goitrogens to the total 

solution or to the membrane cup. The first goitrogen studied was 

potassium thiocyanate. Since it was hypothesized that its mode of 

action might be by complex formation with iodine, the initial experiment 

performed was to determine whether or not such a complex would change 

the membrane conductance in a manner similar to iodine-iodide. The 

-3 
membrane conductance for a 10 M. KSCN solution was measured and then 

10 |j,l. of iodine in absolute ethanol were added to give a cup 

concentration of 10 M. iodine. The membrane conductance in the 

presence of iodine was only slightly higher than that in the potassium 

thiocyanate solution alone. This implies that either there was no 

complex formation or that the complex formed did not conduct to any 

greater extent than the thiocyanate itself or that the complex 

decomposed rapidly into non-conducting products. 

The effect of the addition of potassium thiocyanate to the iodine- 

iodide system was studied. The experiment was carried out by forming 

_3 
a membrane in a 10 M. KI solution and then adding a particular amount 
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of KSCN solution to the cup followed by the addition of iodine to give 

an initial cup concentration of 10 ^ M. iodine. Conductance measurements 

were made after each membrane was formed and prior to the addition of 

KSCN or 12 in order to make sure that the membrane had a typical 

-3 
conductance for the 10 M. KI solution and that the membrane was 

stable. Measurements were also taken after the addition of KSCN to be 

certain that it had no effect on the conductance. Following the 

addition of iodine to the cup, data was recorded until a steady state 

was reached. Thus, during a run the membrane potential was recorded 

once a minute from the time of black formation until the end of the 

experiment, and during times of rapid change, data was taken every 30 

seconds. The length of time between black formation and the addition 

of KSCN and between the addition of KSCN and 1^ averaged about five 

minutes. The length of time necessary to reach steady state varied 

from about 10 minutes to 90 minutes. A composite graph of specific 

conductance versus time for each of the individual runs is shown in 

Figure 8. 

Assuming that the slow conductance change previously mentioned 

occurs in the iodine-iodide solution independent of other processes or 

reactions, a correction of the thiocyanate data is necessary for those 

runs in which more than about twenty minutes was required to reach a 

steady state. The data was corrected using the following formula: 

log G „ , = log G + log Gx cr,.T-, , - log G , where G is 

the specific conductance of the iodide-iodine solution in the absence 

of KSCN and prior to the slow conductance change, Gj^_g^-+ s^ow is an 

uncorrected thiocyanate data point, and Gg^Qw is the corresponding 

point in time for the slow conductance change, zero time being the 
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point of addition of iodine. G . , should then be the specific r corrected r 

conductance due to the effect of thiocyanate alone on the iodine-iodide 

system. 

An attempt to calculate the equilibrium constant for the 

decomposition of the l^-SCN complex using the corrected conductance 

values at steady state gave somewhat consistent answers, but the values 

were three orders of magnitude lower than the literature value of 0.009. 

It was necessary in the calculations to take into account two equilibria, 

that for and for ^SCN . At steady state, both complexes were 

considered to be in equilibrium with the free iodine present. This 

free iodine concentration was determined as described below. Assuming 

that the iodine-thiocyanate complex did not contribute significantly to 

the conductance, and since the iodide concentration was held constant, 

the change in conductance was a consequence of a change in the free 

iodine concentration. Since the specific conductance was shown to have 

a first order dependence on the free iodine concentration at a constant 

iodide concentration, it was possible to calculate the free iodine 

concentrations corresponding to the corrected steady state conductance 

values for the thiocyanate experiment. The following formula as 

previously determined for the iodine-iodide system alone was used: 

log G = 1.04 log t^lfree + 2*389. Knowing the free iodine 

concentration, it was then possible to determine the equilibrium value 

for the 1^ concentration by assuming the literature value for the I^"" 

-3 _ _ 
dissociation constant of 1.7 x 10 . Thus, [I^ ] = t^lfree^ 

-3 - - -.3 
1.7 x 10 where [I ] « [I ] = 10 M. The concentration of the 

iodine-thiocyanate complex was calculated using the formula: 

[I2SCN“] = [I2]o - [I£]free " 
where is the initial iodine 
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concentration corrected for iodine consuming impurities present in the 

potassium thiocyanate. The quantity of iodine consuming substances was 

-4 
determined to be no greater than 7.3 x 10 moles per mole of KSCN, and 

the correction resulted in only a slight difference in the calculations. 

The final potassium thiocyanate concentration was determined by 

subtracting the thiocyanate complex concentration from the initial 

thiocyanate concentration. The dissociation constant, K = t^^free 

[SCN ] / [^SCN-], was calculated from each steady state conductance 

measurement, and the mean value was 2.8 x 10 

It is interesting to approach the problem in exactly the opposite 

way by assuming the literature value for the dissociation constant of 

0.009 at 25°C. and calculating the specific conductance expected for 

each thiocyanate concentration. These values, called Gpre(jicted’ are 

given along with the corrected steady state specific conductance values 

in Table 2. The fact that these conductances are much higher than those 

observed experimentally implies that either more free iodine is used in 

the presence of thiocyanate than can be predicted by complex formation 

or that the normal dissociation constant is not sufficient to account 

for what occurs in the membrane system. 

An attempt to show that the conductance was first order in iodide 

concentration for the iodide-iodine system as reported in the literature 

resulted in the discovery of another compound which could conceivably 

act as an antithyroid agent. A series of experiments were run in which 

the ratio of 0.1 M. KC1 to 0.1 M. KI was varied, keeping the ionic 

-3 
strength constant. In each of the experiments, 5.0 x 10 M. histidine, 

pH 7.0, was used as a buffer. Figure 9 is a graph of the data. As 

can be seen, the plot is signoidal rather than linear. Since it was 



Table 2 

[SClT] M. G 
predicted ^corrected 

2.86 x 10"5 9.31 x 10-4 5.96 x 10'4 

1.43 x 10 4 9.23 x 10’4 4.02 x 10’4 

2.86 x 10"4 9.13 x 10"4 1.02 x 10'4 

1.43 x 10"3 8.44 x 10“4 6.40 x 10"6 

2.86 x 10’3 7.71 x 10“4 4.15 x 10-6 

2* 
G is expressed in mhos/cm 
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determined that iodine was present as an impurity in the potassium 

iodide, the amount of iodine was not constant but rather varied in 

proportion to the amount of potassium iodide used. At first, it was 

thought that this was the reason for the non-linearity. However, the 

conductance is not, in general, a function of the amount of iodine 

added, but instead depends upon the concentration of free iodine in 

equilibrium with the iodine-iodide complex. Calculation of the free 

iodine concentration from the dissociation constant showed the free 

iodine concentration to be essentially constant for values of log [KI] 

greater than -2.40. However, the plot is not quite linear or first 

order in this region. 

The discrepancy was found to be a consequence of the presence of 

the histidine buffer. (It should be noted that experiments repeated in 

the absence of histidine showed that with an increase of [KI] by a 

factor of 100 at constant [l0]- there was an increase in the 
2Jfree 

conductance by the same factor indicating that the conductance is 

indeed first order in [I ].) When 0.1 M. histidine solution, pH 7.0, 

-3 -5 
was added to a 10 M. KI - 10 M. I^ solution to give a cup 

_3 
concentration of 1.43 x 10 M. histidine, the membrane specific 

conductance decreased by almost three orders of magnitude. The effect 

_3 
of histidine on the 10 M. KI solution with a cup concentration of 

10 M. l£ was studied using the same experimental method as for KSCN. 

A composite graph of specific conductance versus time for different 

histidine concentrations is given in Figure 10. It was noted that the 

concentrations of histidine necessary to bring about particular 

conductance changes were very similar to thiocyanate. As a result, it 

was hypothesized that histidine also forms an iodine complex. 
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Equilibrium constants were calculated for the data in which the 

histidine was used as a buffer and the iodide concentration was varied 

and for the data in which the histidine concentration was varied and the 

iodide concentration held constant. In the first case, calculations 

were quite similar to those for the thiocyanate data, the only 

differences being that no correction of the conductance data for a slow 

conductance change was necessary and that since the iodide concentration 

was not constant, the conductance was calculated taking the iodide 

concentration into account. The following formula was derived from the 

-3 
previous formula describing the iodine - 10 M. iodide system: log G = 

1.04 log 1^2^free + ^ ^ +5.389. Five of the eleven data points 

were not used in the calculations because they were at either the upper 

or lower conductance limits of the system. The mean value of the 

-4 
dissociation constant was determined to be 2.9 x 10 with a standard 

-4 
deviation of 1.3 x 10 

For the second set of data, a considerably different result was 

obtained. The calculations were carried out in the same manner as for 

the thiocyanate; however, two different methods of correcting for the . 

slow conductance change observed in long term runs were tried. The 

first method of correction was identical to that used previously and 

resulted in a mean equilibrium constant of 9.7 x 10 ^ with a standard 

deviation of 2.2 x 10~^. The alternate method involved correcting the 

initial iodine concentration rather than the conductance. The 

corrected initial iodine concentration was calculated from the 

conductance of the slow change curve for the point in time at which 

a steady state for the reaction under study was reached. This method 

directly compensated for the fact that the amount of iodine available 
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for complex formation was decreased by the slow process. The mean value 

-6 —6 
in this case was 8.9 x 10 and the standard deviation was 9.4 x 10 

Thus, the methods of correction gave only slightly different results. 

However, the separate experiments gave values which were individually 

consistent, but which differed from each other by about a factor of 30. 

It seems that histidine could potentially be an antithyroid agent, 

but, as yet, it has not been reported as such. However, 

2-thiolhistidine has been shown to be an effective thyroid inhibitor. 

Thus, it seemed desirable to study the effect of 2-thiolhistidine on 

the iodide-iodine membrane system and to compare the results with those 

for histidine. The experiment was carried out in the previous way by 

adding a 2-thiolhistidine solution to a 10 ^ M. KI - 10 ^ M. 

solution. A composite graph of specific conductance versus time is 

plotted in Figure 11. In addition, a graph of initial specific 

conductance versus the log of the 2-thiolhistidine concentration is 

shown in Figure 12. A significant change in the free iodine 

concentration occurred when the 2-thiolhistidine concentration was 

equal to the initial iodine concentration. Lower concentrations of 

2-thiolhistidine also produced a conductance change of two orders of 

magnitude, but over longer periods of time as shown in the composite 

graph. The effective concentration for 2-thiolhistidine was 

considerably smaller than that for histidine. 

One of the most widely used goitrogenic agents, 6-n-propyl-2- 

thiouracil, was also studied. The experimental method was the same as 

for the other antithyroid compounds; however, propyl-thiouracil was the 

only goitrogen studied which was not slightly water soluble. The 

solvent used was absolute ethanol. A composite graph is shown in 
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Figure 13, and a plot of initial specific conductance versus the log 

of the 6-n-propyl-2-thiouracil concentration is given in Figure 14. 

The results for 2-thiolhistidine and 6-n-propyl-2-thiouracil are 

strikingly similar. 

In contrast to the other goitrogens studied, potassium perchlorate, 

a well-established thyroidal iodide transport inhibitor did not affect 

the conductance of the iodine-iodide-membrane system at all, even at 

-4 
concentrations as large as 5.6 x 10 M. Nor was there any significant 

-3 
change in the conductance of a 10 M. KCIO^ solution when iodine was 

-6 added to give a cup concentration of 10 M. It was also observed that 

0.1 M. potassium chloride had no effect on the conductance of the 

iodide-iodine system. 

Finally, the addition of iodine to give a cup concentration of 

-5 -3 10 M. to a 10 M. potassium bromide solution resulted in an increase 

in the membrane specific conductance by almost two orders of magnitude. 

■*5 2 
The final value was 1.92 x 10 mhos/cm , a factor of 100 smaller than 

the specific conductance value for the same amount of iodine in a 

_3 
10 M. potassium iodide solution. Considering that the membrane 

specific conductance is higher in a solution of potassium bromide than 

in the same concentration of potassium iodide without iodine present, 

the relative conductance changes differ by about a factor of 30. 

It should be noted that some difficulty was encountered in 

deciding how to calculate the concentrations of substituents which 

were added to the cup instead of being incorporated into the entire 

solution. Due to the concentration gradient, diffusion from the cup 

into the chamber is anticipated; however, membrane conductance was 

observed to be a function of the concentration of the added substituent 
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based upon the cup volume rather than the total solution volume. 

Thus, an "effective” substituent concentration based on the cup volume 

was used. 
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CONCLUSIONS 

In assessing the reliability of the results, there are several 

points to be considered. The accuracy of the measuring circuit was 

observed to be fair in the region of 0.2 to 75 megohms, and since 

membrane resistances were usually on the order of 0.1 to 100 megohms, 

it is assumed that the measured values were reasonably correct. The 

reproducibility of the data was poor by most standards. Such a large 

number of factors affected the membrane conductance that data points 

were considered to be in good agreement if they were within ± 30% of 

the mean. A very large margin of error was encountered when the 

membrane resistance was less than that of the electrodes. This was 

the case for all membrane specific conductance values greater than 

•3 2 about 10 mhos/cm . The value obtained for the standard membrane 

6 2 specific resistance was on the order of 10 ohm-cm . This value 

5 9 2 compares favorably with those in the literature of 10 - 10 ohms-cm , 

and it is on the low end of the range presumably because chloroform 

and methanol were the major solvents in the membrane solution. 

The valinomycin data also agrees well with the literature. The 

plot of the log of the specific conductance versus the log of the 

valinomycin cencentration for 0.1 M. KG1 has a slope of 1.20 consistent 

with the near unity slope reported in the literature. Also, the 

difference in conductance between sodium and potassium chloride 

3 
solutions of a factor of about 10 for a valinomycin concentration of 

10~5 * 7 M. was also observed. The slope for 0.1 M. sodium chloride was 

determined to be 0.18 supporting the theory that valinomycin is vastly 

less effective in transporting sodium ions than potassium ions. The 



55 

change of the associated anion from chloride to bromide had little 

effect on the conductance due to the valinomycin-potassium complex, the 

slope being 1.15. However, when potassium perchlorate was used, the 

conductance at low valinomycin concentrations was increased by 

approximately a factor of 10 resulting in a slope of 0.58. The increase 

in conductance at low valinomycin concentrations is probably due to the 

fact that perchlorate itself is more permeable than chloride ion and not 

to any effect that perchlorate has on the valinomycin complex. 

The study of the iodine-iodide system clearly indicates that, with 

the exception of monovalent anions such as perchlorate, those compounds 

known to be inhibitors of thyroidal iodide metabolism inhibit iodide 

transport in the artificial membrane system. Transport has been shown 

to be dependent upon the presence of iodine, and each inhibitor has in 

common the ability to remove iodine from the system, either by complex 

formation or reaction or both. Both thiocyanate and histidine are 

active in concentrations too large to be involved in an irreversible 

oxidation-reduction reaction with iodine. However, since at high enough 

concentrations both appear to rapidly remove iodine from its transport 

role, they must act by complex formation. Evidence for this mode of 

action exists for thiocyanate but not for histidine. The reason that 

the calculated equilibrium constants for the thiocyanate-iodine complex 

do not agree with the literature value may be because the constant 

determined in aqueous solution may not adequately account for complex 

formation at the membrane solution interface. If this were the case, 

the constant for complex formation could not be assumed to be 

correct either. More likely, assuming the literature values are 

applicable, the reason that the calculated dissociation constants are 
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low is that not all the iodine removed from the system is by complex 

formation. Since the iodine-thiocyanate complex is most stable at 

conditions of low temperature, low pH, and high ionic strength, none of 

which were present in the experiment performed, it is very likely that 

rapid decomposition of the complex occurred. Complex decomposition is 

known to result in the net reduction of four iodine atoms per thiocyanate 

40 
atom and the oxidation of thiocyanate to sulfate. If this were the 

case, the conductance values used in determining the equilibrium constant 

for complex formation would not be a true indication of the amount of 

iodine used in complex formation alone. The calculated dissociation 

constant would, in fact, be lower than the correct value. 

Since nothing is known about histidine-iodine complex formation, 

very little can be said about what might be occurring in the histidine- 

iodine-iodide system. Also, there is no satisfactory explanation for 

the discrepancy in equilibrium constants for the iodine-histidine 

complex calculated from the two separate experiments performed. The 

fact that the thiocyanate and histidine experiments gave such similar 

results does suggest that there might be a similarity in their mechanism 

of action. Since the formation of different iodo-histidines is known 

to occur in iodine-iodide solutions at neutral pH, perhaps an iodine- 

histidine complex is a precursor of iodo-histidine. Again, it is 

possible that the steady state conductance values used in the 

calculation of dissociation constants did not reflect solely the 

complex equilibrium. 

In the histidine and thiocyanate experiments in which iodine was 

_3 
added to a 10 M. KI solution to give an iodine cup concentration of 

lO-5 M., the steady state conductance values were almost identical and 
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~5 2 
of the order of 10 mhos/cm although the lengths of time required to 

reach a steady state varied from a few minutes to over an hour. Such 

a conductance value indicates that at the steady state, 99% of the iodine 

initially added has been used up. This implies that the complex 

decomposition process which uses up iodine continues to occur until 

essentially all of the iodine has been exhausted. It is interesting to 

note that the steady state conductance value which is reached after about 

-3 
two hours by the slow conductance change observed in a 10 M. KI - 

10 M. l£ solution is also around 10 mhos/cm . The decrease in 

conductance in this case may be due to a slow loss of iodine by 

evaporation. 

Since 2-L-thiolhistidine and 6-n-propyl-2-thiouracil are effective 

iodide transport inhibitors in much smaller concentrations than either 

histidine or potassium thiocyanate, it is thought that they act by 

reducing iodine. Iodine is known to react with thio-compounds to give 

disulfides. As seen from the plots of initial specific conductance 

versus inhibitor concentration, the point at which the inhibitor becomes 

effective in changing the conductance is when the inhibitor 

concentration equals the initial iodine concentration. This implies 

that a fast initial one-to-one reaction occurs. Consistent with this 

idea is the literature data for a bulk solution in which equivalent 

quantities of iodine and 2-thiouracil were observed to react rapidly 

41 
to yield the disulfide. At inhibitor concentrations less than one- 

to-one with iodine, steady state conductance values corresponding to 

the loss of essentially all of the added iodine were obtained. The 

time period required to reach a steady state increased as the inhibitor 

concentration decreased. This implies that further reaction of the 
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disulfide with iodine must occur; in fact, several additional 

equivalents of iodine are removed per equivalent of either 2-L- 

thiolhistidine or 6-n-propyl-2-thiouracil. This is not surprising 

since it has been observed that many thio-compounds react with iodine 

in excess of one equivalent. In particular, it has been observed that 

the disulfide of 2-thiourea is unstable and that as many as 4 to 5 

equivalents of iodine may be used up in a very short time period 

42 presumably because of the reactivity of breakdown products. This 

accounts for the tremendous effectivenss of the thio-compounds as 

iodide transport inhibitors. 

The fact the iodide transport is not affected at all by perchlorate 

which is a well-established antythyroid agent seems to indicate that 

perchlorate must act by some mechanism other than substituting for 

iodide in transport. The results clearly indicate that perchlorate is 

not transported by iodine. The fact that perchlorate is similar in 

charge and volume to iodide may be a clue to its effectiveness at 

subsequent points in the thyroidal iodide metabolism. Also, the fact 

that perchlorate is the most permeable of the monovalent anions studied, 

being more permeable than iodide itself in the absence of iodine, may 

explain how it might possibly be able to enter the gland and compete 

with iodide. 

On the other hand, it was observed that iodine readily transports 

bromide ion, but bromide is not an antithyroid agent. It was shown that 

transport of iodide by iodine is slightly favored over that of bromide. 

Presumably, in the thyroid, transported bromide would not interfere with 

subsequent transport of iodide, and if bromide were not able to compete 

with iodide in the later metabolic steps, it would have very little 
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effect on hormone production. 

The fact that thiocyanate forms a complex with iodine but that the 

complex does not conduct suggests that either the complex decomposes 

rapidly and is not available for transport or that thiocyanate does not 

meet some criterion for transport which both iodide and bromide do. In 

either case, the thiocyanate in forming an iodine complex would block or 

destroy a potential iodide transport "site". That thiocyanate competes 

directly with iodide for iodine is suggested by the observation that in 

-3 
a 10 M. solution of potassium iodide with added iodine, potassium 

thiocyanate becomes effective in inhibiting iodide transport by complex 

-3 
formation at a concentration of approximately 10 M. This result and 

the data which shows conductance to be first order in iodine and iodide 

strongly supports the hypothesis that iodide transport is dependent on 

the formation of . This seems to indicate that itself is the 

charge-carrying species which is responsible for the increased 

conductance in the iodide-iodine system. However, as was previously 

131 
mentioned, tracer experiments have shown that the flux of I across 

a membrane in an iodide-iodine system was about ten times less than 

would be anticipated if a species such as were mediating transport 

of iodide. 

Consistent with both observations is the possibility that the 

formation of at the membrane-solution interface is the rate 

determining step in the iodide transport process. A novel mechanism 

incorporating this idea is one which is similar in concept to the proton 

jump mechanism. It is assumed that the amount of each species present 

in the membrane is a function of their individual solution concentrations 

and their respective partition coefficients. Thus, in the iodide-iodine 
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system, iodine may be considered to be the only species in the membrane 

since potassium iodide has a considerably lower partition coefficient. 

Iodine molecules may be randomly distributed in the membrane, or it is 

possible that due to the ordered bilayer structure, iodine molecules are 

ordered as well. The latter suggestion seems reasonable in view of a 

somewhat similar hypothesis about the starch-iodine complex for which 

there is evidence that the helical amylose structure, the interior of 

which is hydrocarbon in nature, accommodates a core of iodine molecules 

43 arranged end to end. It is assumed that the iodine in the membrane 

is capable of engaging in complex formation with iodide at the membrane- 

solution interface. In the presence of an electrochemical gradient, it 

is postulated that upon complex formation there is a reassociation of 

a series of "n" closely associated iodine molecules, the result being 

that the iodide ion involved in complex formation on one side of the 

membrane is essentially oxidized and is incorporated in the membrane as 

th an iodine atom, while the n iodine molecule in the series is 

essentially reduced resulting in a newly formed iodide-iodine complex 

on the opposite side of the membrane. This complex would dissociate to 

reduce the electrochemical gradient, and the net effect would be 

equivalent to iodide transport across the membrane. 

131 This mechanism explains why the observed flux of I in tracer 

experiments was less than would be predicted by a simple "shuttle” 

mechanism. It is also consistent with the idea of ionic conduction in 

that there is an actual physical transport of iodide across the membrane; 

although in this case, it is accomplished by a series of "jumps" rather 

than a "shuttle". As previously mentioned, actual transport of iodide 

across the membrane must be an essential feature in the mechanism for 
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the thyroid gland. 

Such a mechanism may also help to explain the mode of action of 

some of the antithyroid compounds. For instance, thiocyanate may form 

a complex with iodine, but in order for there to be conductance, ISCN 

must be an easily formed, stable molecule. Apparently this is not the 

case. As a result, one iodide transport "site" is blocked and perhaps 

then destroyed by complex decomposition. In the case of bromide, IBr, 

a known, stable compound, would be formed, and a bromine atom would 

eventually be transported from one side of the membrane to the other. 

As a consequence, there would be little difference in conductance when 

bromide replaces iodide, and no interference with subsequent iodide 

transport due to the presence of bromine atoms would be anticipated. 

In the same line of reasoning, iodo-histidine, due to its size and 

conformational restrictions, would not be expected to participate in 

a series of reassociations with iodine molecules in the membrane and be 

transferred from one side to the other. Lastly, the presence of those 

antithyroid agents which react with several equivalents of iodine would 

obviously have a disastrous effect on the transport mechanism. All of 

the iodine would be reduced to iodide, and the iodine "chain" would be 

destroyed. 

In extrapolating this mechanism to account for iodide transport 

in the thyroid gland, two things must be initially considered. First 

of all, the membrane must contain elemental iodine. Since iodide is 

the only unbound form which has been found in the thyroid, reasonable 

doubt may be cast about the validity of the mechanism. However, the 

thyroid gland certainly has the capability, due to the presence of 

oxidative enzymes, of producing elemental iodine, and the quantity of 
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iodine needed for iodide transport is so small that it would probably 

not even be detectable in thyroid homogenates. Secondly, there must be 

a driving force for the transport mechanism. It is assumed that in the 

thyroid gland this driving force is a chemical gradient for iodide. 

This gradient would be constantly present under normal circumstances due 

to the fact that iodide is bound almost instantaneously upon entering 

the thyroid gland. 

It is most interesting to review the clinical data with regard to 

the goitrogens in the light of the proposed mechanism for inhibitor 

activity. It has been observed that thiocyanate will reduce but not 

prevent the organic binding of iodide in the gland. There is evidence 

that organic binding, i.e. formation of iodo-tyrosines, is mediated by 

an oxidative enzyme, iodide peroxidase, which converts the iodide within 

the gland to an oxidation state capable of iodinating tyrosine. It will 

be assumed that iodide peroxidase combines with iodide to form an enzyme- 

iodine complex which is in equilibrium with a small amount of free 

iodine in the gland. That thiocyanate decreases but does not prevent 

organic binding is probably due to the fact that it decreases the amount 

of iodide entering the gland by blocking or destroying iodide transport 

"sites". It has been observed that treatment with iodide will prevent 

the goitrogenicity of thiocyanate, and this has been attributed to the 

possibility that enough iodide may enter the gland by diffusion to 

maintain normal hormone output. However, another possibility is that 

since iodide and thiocyanate are in direct competition, additional 

iodide will increase the probability that iodide rather than thiocyanate 

will engage in complex formation at a transport "site" provided that 

thiocyanate has not reduced all of the iodine in the membrane. When 
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35 labelled thiocyanate is used, a large amount of the S is found in the 

gland as sulfate. This further confirms the hypothesis that thiocyanate 

forms a complex with iodine which subsequently decomposes either in the 

thyroid in vivo or between the time that the thyroid gland is removed 

and the homogenate is analyzed. The product of thiocyanate-iodine 

complex decomposition is known to be sulfate. In addition, it has been 

found that thiourea and iodide prevent conversion of thiocyanate into 

sulfate. Since iodide and thiocyanate are in competition, the presence 

of sufficient iodide may prevent any significant thiocyanate complex 

formation. Thiourea, which is a much more effective iodine reducing 

agent than thiocyanate, probably prevents thiocyanate complex formation 

by reducing much of the iodine in the gland. 

Perchlorate has been found to reduce the uptake of iodide by the 

thyroid, and for years, it has been assumed that perchlorate acts by 

competing with iodide in the iodide transport mechanism. Due to the 

similarity in charge and volume between iodide and perchlorate, it was 

concluded that the thyroidal iodide "carrier” was limited in its 

specificity. However, since it has been shown that perchlorate has no 

direct effect on iodide transport and that it is not transported itself, 

its activity must be due to its effect on a subsequent step in iodide 

metabolism, and it must enter the gland by diffusion. It is possible, 

due to its similarity to iodide, that once inside the gland, it is 

picked up by iodide peroxidase. The result would be to reduce the number 

of effective iodide peroxidase molecules while at the same time reducing 

the iodide gradient and thereby decreasing iodide uptake. The other 

monovalent anions which resemble iodide presumably act in a manner 

similar to perchlorate. Differences in effectiveness could be due to 
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variations in anion membrane permeabilities or to different affinities 

of the enzyme for the anions. It is interesting to note that thyroidal 

iodide peroxidase has been shown to be incapable of oxidizing bromide, 

perhaps as a result of enzyme specificity which would prevent interaction. 

This explains why bromide, which could be easily transported into the 

thyroid, would not show any significant inhibitory effect. 

Observations even more difficult to explain than the action of 

perchlorate and the inaction of bromide are those associated with the 

thionamides. Presumably, these compounds act by reducing the iodine 

in the membrane and completely cutting off iodide transport. It is 

conceivable that these compounds could also affect an enzyme-iodine 

equilibrium within the gland and cause a reduction in the number of 

enzyme molecules capable of iodinating tyrosine. It was observed that 

while organic binding of iodide in the thyroid was almost completely 

prevented by administering thionamides, the amount of iodide in the 

gland increased. This does not seem so surprising when it is considered 

that the reduction of iodine by these compounds results in the formation 

of iodide. However, this observation led to the conclusion that the 

thionamides have no effect on iodide transport. On the contrary, the 

thionamides most likely limit the supply of iodide to that which enters 

the gland by diffusion by destroying the iodide transport mechanism and, 

in addition, limit the number of iodide peroxidase molecules capable of 

131 iodinating tyrosine. In fact, in more recent experiments using I as 

a tracer, increased doses of propyl-thiouracil resulted in 

131 
corresponding significant decreases in I uptake. Consistent with 

this mode of action is the fact that supplemental iodide does not 

prevent the goitrogenicity of thionamides. 
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The most interesting inhibitor of iodide transport studied was 

histidine simply because it has never been reported as an antithyroid 

agent. 2-L-thiolhistidine, a known goitrogen, owes most of its activity 

to the presence of the sulfhydryl group since it is much more potent 

than histidine itself. It is possible that if administered, histidine 

would be incorporated into proteins in the body and would have no 

antithyroid effect, that is unless D-histidine were used. It is also 

possible histidine may have a role in thyroidal iodide metabolism 

apart from iodide transport inhibition. The structure of the thyroid 

releasing factor which stimulates the pituitary to release thyrotrophin, 

the thyroid stimulating hormone, has been determined. It is a 

tripeptide with the central amino acid being histidine. A highly 

speculative suggestion would be that iodination of histidine, possibly 

by thyroxine, might inactivate the thyroid releasing factor. This 

would provide a feedback mechanism for hormone production. 

One final explanation must be sought for the previously mentioned 

experimental data which poses a criticism of the theory that the 

activity of the thionamides is due to the reduction of iodine. It was 

observed that administration of propyl-thiouracil resulted in a reduction 

131 131 of inorganic I uptake and a reduction of organic I uptake but a 

pronounced increase in the ratio of monoiodotyrosine to diiodotyrosine. 

On the other hand, doses of perchlorate also reduced inorganic and 

131 organic I uptake; however, there was very little difference in the 

ratio of MIT to DIT from that of the control. It was concluded that 

perchlorate had no effect on organic binding of iodide while propyl¬ 

thiouracil inhibited the conversion of MIT to DIT and the coupling of 

DIT in thyroxine formation. Assuming that propyl-thiouracil instead 
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acts by limiting the supply of iodide and by reducing the number of 

iodide peroxidase molecules capable of iodinating tyrosine, and 

considering that MIT has been shown to be a precursor of DIT, which, 

in turn, is a precursor of thyroxine, one would expect an increase in 

the ratio of MIT to DIT with increasing doses of propyl-thiouracil. 

This may be illustrated by considering the following equilibria: 

K1 [MIT] [Enz] 
Enz-I_ + Tyr MIT + Enz K. =  

[Enz-I2] [Tyr] 

K2 [DIT] [Enz] 
MIT + Enz-I9 ^ DIT + Enz K- =   

[Enz-I2] [MIT] 

Rearranging the second equilibrium equation gives: 

[MIT] [Enz] 

[DIT] [Enz-I2] K2 

From this it can be seen that a decrease in the concentration of the 

iodinating enzyme and subsequent increase in the concentration of free 

enzyme caused by the action of propyl-thiouracil would result in an 

increase in the MIT to DIT ratio. 

Assuming this explanation is correct, it would at first seem that 

since perchlorate also decreases the amount of iodide present in the 

gland and the number of enzyme molecules capable of iodinating tyrosine, 

there should also be an elevated ratio of MIT to DIT. There is one 

subtle difference between the proposed mechanisms for perchlorate and 

propyl-thiouracil which explains why the ratio remains unchanged for 

perchlorate. Since perchlorate is in competition with iodide for 

peroxidase molecules, it would decrease the number of free enzyme 
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molecules, but the ratio of the concentrations of the free enzyme to 

the iodinating enzyme would remain the same. Therefore, there would be 

no alteration in the MIT to DIT ratio. 

Aside from the formulation of a mechanism for iodide transport, 

several practical applications of this type of study are apparent. The 

iodide-iodine-membrane system would be useful in the detection and 

-4 
reliable measurement of iodine concentrations in the range of 10 M. 

to 10 M. or about 100 to 1/100 parts per million. One would need only 

to obtain a "calibration curve" for the particular membrane solution and 

potassium iodide concentration to be used by determining conductance 

values for known concentrations of added iodine. A correction for small 

amounts of iodine in the potassium iodide would have to be made. Sample 

sizes no greater than 10 (j.1. would be needed. 

It would also be possible to get some estimate of the goitrogenic 

potency of those compounds which affect iodide transport without having 

to carry out a lengthy experiment using rats. The only method which 

exists at present is to feed an animal a dietary supplement of the 

compounds, and after a certain period of time, sacrifice the animal and 

weigh the enlarged thyroid gland. The increase in weight of the gland 

over that time period as compared with that of a control animal is the 

measure of the goitrogenic potency. As a result of such a study, it 

would be possible to distinguish, between those antithyroid agents which 

affect iodide transport directly either by iodine complex formation or 

reduction of iodine and those which may act on thyroid enzymes. 

Another possible use of such a system would be to determine 

equilibrium constants for different iodine complexes. As has been 

observed, however, it is essential that the complex be a relatively 
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stable one so that the steady state conductance value would be a true 

reflection of the complex equilibrium. The only other limitations would 

be that the compound engaged in complex formation with iodine be 

slightly soluble in water and that the compound itself have no effect 

on the membrane in the concentrations used. 

The membrane system would also be ideal for the study of reaction 

kinetics under certain circumstances. An essential feature of the 

reaction would have to be that the membrane conductance be a function 

of only one of the reactants or products. The study should be confined 

to a simple reaction. In the case of the iodide-iodine-thiocyanate 

system, for example, there were two equilibria and a decomposition 

reaction to consider, and as a result, it was entirely too complicated 

to analyze. In a simpler system in which the membrane conductance is 

a function of only one reaction, conductance versus time data could be 

used to determine both the order of the reaction and the rate constant. 

Further experiments related to this study will be necessary to 

establish whether the mechanism proposed on the basis of present data is 

fact or fancy. One such experiment would be a tracer study. It has 

been observed that a bromide-iodine solution has a high membrane 

conductance value in contrast to a bromide solution without iodine. 

This implies that bromide becomes involved in transport mediated by 

iodine presumably in the same manner as iodide. If the proposed 

131 
mechanism of transport is correct, the addition of I labelled iodine 

to a solution of potassium bromide should yield a concentration of 

labelled iodide in solution greater than that predicted for exchange 

alone. 

A method of determining transport characteristics from current- 
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45 
voltage experiments has been established. The model used in the 

analysis is that of a single carrier complex, but the reasoning seems 

at least qualitatively applicable to the proposed mechanism of iodide 

transport. Transport in which translocation of the complex from one 

side of the membrane to the other is the limiting factor determining 

the transport rate has a current-voltage curve which bends toward the 

current axis. Transport in which complex formation or dissociation is 

the rate determining step is characterized by a current-voltage curve 

which bends toward the voltage axis. Presumably, in the proposed 

mechanism, the reason for the observed first order dependence of 

conductance on the iodide and the iodine concentrations is that 

complex decomposition is the rate determining step. Such an experiment 

would be useful in substantiating this hypothesis. 

A more detailed investigation of the slow conductance change which 

has been observed in the iodide-iodine system may establish the cause. 

It has been postulated that the decrease in conductance is due to the 

loss of iodine by evaporation. Performing the experiment in a closed 

container should reveal whether or not this is the case. Much more 

accurate data could be obtained if the slow conductance change were 

eliminated. 

It might also be of value to study thiocyanate-iodine complex 

formation under conditions more conducive to complex stability. Both 

a higher thiocyanate concentration and a lower pH could be used. 

Unfortunately, one criterion for complex stability is low temperature, 

and the temperature of the system cannot be varied more than a few 

degrees without affecting membrane stability. Presumably, data obtained 

in the absence of decomposition would give a value for the equilibrium 
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constant consistent with that found in the literature. 

It would be interesting to study thiocyanate and histidine iodine 

complex formation in bulk solution to determine the nature of the 

decomposition reactions. Particularly in the case of the thionamides, 

it would be interesting to determine how one equivalent is capable of 

reducing several equivalents of iodine. It has been shown that slight 

variations in the structure of thiouracil derivatives, in particular, 

result in different inhibitor potencies. Presumably, this is because 

the number of equivalents of iodine that a thiourea derivative is able 

to reduce depends on the structure. With structural changes as clues, 

perhaps the exact way in which these compounds assimilate iodine could 

be determined. 

Further investigation of a possible feedback mechanism involving 

histidine in the thyroid stimulating hormone seems warranted. It is 

known that the enzyme, thyroxine dehalogenase, is capable of deiodinating 

thyroxine and transferring the iodine to protein tyrosyl or histidyl 

residues. Should thyroxine dehalogenase be able to mediate the transfer 

of iodine from thyroxine to the histidine in the thyroid releasing 

factor and should such a reaction inactivate the tripeptide, a mechanism 

for the controlled production of thyroid hormone would be established. 

In summary, a mechanism for iodide transport and for the effect 

of antithyroid drugs on iodide transport has been formulated from 

conductance experiments performed in a black lipid membrane-iodine- 

iodide system. This proposed mechanism when used as a model for 

thyroidal iodide transport and inhibition of transport accounts for 

more experimental and clinical observations than any existing 

explanation. A broad avenue for further study has been opened. 
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