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Using vesicles from the plasma membrane of hog thyroid, we have characterized its Na+-dependent l -  
transport system. We have found it to be totally Na + dependent; K + cannot substitute and Li + can partially 
substitute for Na+; the Na + : I -  flux ratio is larger than one; the system is electrogenic, being stimulated by 
a za~ k negative inside the vesicles. A number of large, iipophilic anions are fully-competitive inhibitors of 
Na+-dependent I -  uptake; the closer their atomic radii are to that of iodine, the smaller their K i values. 

Introduction 

I -  transport across biological membranes in 
mammalian tissues is Na  ÷ dependent in the 
thyroid gland [1] and in the choroid plexus [2]. 
Particularly the former transport system has been 
subjected to a great number  of investigations and 
as early as 1963 Iff  and Wilbrandt [1], working 
with intact thyroid gland, demonstrated, in ad- 
dition to its to ta l  dependency from extracellular 
Na  ÷, that~it is stimulated by low concentrations of 
Ko+t ( < 5 mM) and is inhibited by preincubation 
in K÷-free or ouabain-containing buffers. Thus, 
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I -  transport across the plasma membrane of the 
thyroid gland was suggested to be driven by an 
inwardly directed Na  + gradient, which in turn is 

+ 
brought about by the ouabain-sensitive Kou t- 
activated N a + / K  + pump. This conclusion was 
reinforced in subsequent years by work on cul- 
tured thyroid cells or intact thyroidal tissue (see, 
for example, Refs. 3-7). 

To the best of our knowledge relatively little 
work has been done using membrane vesicles - in 
spite of the obvious advantage which such a sim- 
plified non 'living' biological preparation would 
have in singling out the transport system from the 
rest of the cell and allowing great freedom in the 
composition of the media at both sides of the 
membranes  (reviewed, for example, in Refs. 8-10). 
One paper using plasma membrane vesicles [11] 
has indicated that a K + out-in gradient can sub- 
stitute for a Na + gradient - which, however, has 
not been confirmed by any other group (and is 
ruled out by the data to be presented below). 

Most vesicles used in this field are the recon- 
stituted proteoliposomes of the group o f  Saito 
[12-16]. While this system is undoubtedly of value, 
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it does not yield itself to a kinetic characterization 
of the transport system as occurring in the original 
membrane: in addition to the well known pitfalls 
inherent to reconstitution, to the unknown effects, 
if any, of lipids in the original membrane, the 
possible (partial) denaturation of the transport 
protein etc., it has never been possible to make 
reliable measurements of initial transport rates, 
which casts doubts on the reliability of the K m 
values calculated therefrom. 

We have now used a preparation of plasma 
membrane vesicles from hog thyroid gland, which 
allowed us to better characterize this Na+-depen - 
dent I -  transport system. We find that this system 
is completely dependent on the presence of ex- 
travesicular Na +, the Na+-dependence being 
strongly sigmoidal ( ~ =  1.61). This Na+-depen - 
dent I -  transport is electrogenic, being stimulated 
by A+ negative inside the vesicles. K + does not 
substitute f o r  Na +, whereas Li + can, albeit with 
low affinity. Large lipophilfc anions, which have 
been known since very long to inhibit I -  uptake 
(for review, see Ref. 17), such as C10£, SCN-  
and N 3 , are strong inhibitors of the fully competi- 
tive type (at least C104- and SCN-,  K i 11 and 
15.3/~M, respectively.) 

Some of these results have been presented in a 
preliminary form [37]. 

Materials and Methods 

Preparation of plasma membrane vesicles 
Plasma membrane vesicles were prepared from 

frozen hog thyroid glands by a method based on 
that of Aronson and Touster for liver plasma 
membranes [18] and on that of Saito et ai. [12] for 
thyroid membranes. The procedure consists of 
tissue fractionation by differential centrifugation 
of the homogenate in 0.25 M sucrose, 10 mM 
Tris-HC1 (pH 8.0), All operations were carried out 
~t 4 ° C. 
Solutions: 
A: 250 mM sucrose in 10 mM Tris-HCl (pH 8.0) 
B: 34% (w/w)  sucrose in 10 mM Tris-HC1 (pH 

8.0) 
C: 57% (w/w)  sucrose in 10 mM Tris-HC1 (pH 

8.0) 
D: 300 mM D-mannitol in 10 mM Hepes-Tris 

(p~I 7 .5)  

100 g thyroid glands kept frozen at - 7 0 ° C  up 
to one month, were cut in small pieces, thawed in 
300 ml solution A and then homogenized in a 
Waring blender four times for 15 s. After filtration 
through a Biichner funnel, the suspension was 
homogenized with one up-and-down stroke of the 
pestle of a Potter-Elvehjem glass-Teflon homo- 
genizer mounted in a drill press. The homogenate 
was centrifuged at 1000 x g for 10 min. The su- 
pernatant was poured off and saved. The pellet 
was washed twice with 175 ml solution A, each 
time pottered and centrifuged as above and the 
supernatant saved. The pellet was discarded. The 
three supernatants were combined, filtered through 
two layers of cheesecloth and centrifuged at 20 000 
× g for 5 rain. The supernatant was removed by 
aspiration and saved. The pellet was resuspended 
in 120 ml solution A, homogenized with one up- 
and-down stroke of the homogenizer and centri- 
fuged as above. The pellet was discarded, the two 
supernatants, were combined and centrifuged at 
78 000 × g  for 100 rain, The supernatant was care- 
fully removed by aspiration and discarded. 

The pellet and the loosel?(,.packed layer on top 
were suspended in 120 ml s o l , i o n  C and homoge- 
nized with two up-and-down strokes of the pestle. 

20 ml of the suspension were placed in the 
bottom of centrifuge tubes, overlaid with 30 ml 
solution B and 8 ml solution A. The gradient was 
centrifuged at 75 500 x g for 16 h. 

After centrifugation, the tubes were placed on 
ice. The top layer was removed by aspiration and 
discarded. The following band, the plasma mem- 
brane fraction, between solution A and B, was 
carefully collected with a pipette, washed with two 
volumes of cold water to remove sucrose and 
centrifuged at 105000 x g for 1 h. The super- 
natant was removed by aspiration and discarded. 
The vesicle pellet was resuspended in solution D. 
Aliquots at protein concentration of 15-25 mg/ml  
were stored in liquid nitrogen up to one month. 
By this method the yield of membrane protein was 
about 0.4 mg per g of thyroid tissue. 

At freeze etching (Fig. 1) vesicle population 
had a fairly homogeneous size distribution, center- 
ing around 0.15-0.2 /~m; the fracture surfaces 
showed particles, presumably of proteinaceous na- 
ture. 

We did not attempt to establish how much of 
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Fig. 1. Freeze-etching of the thyroid plasma membrane vesicles. The bar corresponds to 100 nm. 

the vesicles in our preparation were right side out, 
inside out, or in the form of membrane fragments. 
Whatever the heterogeneity in the state of our 
vesicles, it does not, however, lead to heterogene- 
ity in the kinetic characteristics of I -  uptake, as 
deduced from quasi-initial rates: their dependence 
on the extravesicular I -  concentrations and their 
inhibitions by fully-competitive inhibitors do not 
deviate in the least from a Michaelian behaviour 
(see under Results). 

Transport measurements 
For  transport experiments, vesicles were quickly 

thawed at 37°C, washed once by diluting the 
vesicles with six times the volume of buffer and 

centrifuged. The vesicles were resuspended to  the 
desired amount of mg protein per ml in 300 mM 
mannitol, 10 mM Hepes-Tris (pH 7.5) and kept 
on ice. 

All incubation and preincubation media con- 
tained (unless explicitely stated otherwise) 300 
mM mannitol, 10 mM Hepes-Tris (pH 7.5), 100 
m M  NaC1, 10/~M NaI  and 1 mM 2-mercapto-1- 
methylimidazole. Further additions as well as in- 
cubation procedures different from the one de- 
scribed here are detailed in the legends. 

Incubations were done at room temperature 
with an automated procedure according to Kessler 
et al. [19]. The standard procedure was as follows: 
10 #1 incubation medium containing the radioac- 
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tively labeled substrate (approx. 400 000 cpm) were 
placed onto the bottom of a clear polystyrene tube 
fitted into a vibration device controlled by an 
electric timer. 10 /~1 vesicles (about 100 /~g pro- 
tein) were placed approximately 1 mm apart from 
the incubation medium. At the start of the timer, 
the shaking of the vibrator rapidly mixed the two 
drops together. At the chosen incubation time, 2.5 
ml of 'stop-solution' (250 mM KC1/1 mM Tris- 
HCI (pH 7.5), cooled to 2°C) were automatically 
injected into the test tube. The sample was then 
quickly filtered through a wet Sartorius filter (di- 
ameter 0.45 /~m) and washed twice with 5 ml of 
the ice-cold stop-solution. The efflux of I -  during 
this washing step must have been minimal, be- 
cause clean Michaelian kinetics were observed (see 
below), the uptakes were satisfactorily reproduci- 
ble and the S.D. values were small. 

The uptake values measured were corrected for 
the 'zero-time blank', i.e. for the radioactive I -  
remaining associated with the filter plus mem- 
brane vesicles from samples subjected to the 'stop- 
ping, washing and filtering procedure'  im- 
mediately after mixing, i.e. without incubation. 
This correction was always very small. 

Protein 
Protein was determined by the method of Lowry 

et al. [20] with bovine serum albumin as standard. 

Materials 
All reagents were of highest purity available, 

purchased from Fluka, Merck and Sigma. Na125I 
was supplied by EIR, Wiirenlingen, Switzerland. 
[ Me- 3 H]Methionine was from Amersham Interna- 

tional, U.K.; D-Jail]glucose, L-[3H]giucose and L- 
[1-3H]alanine from NEN, Research Products, Du 
Pont, Boston, MA. Isoflavone and saponin ex- 
tracts of soybean flour were supplied from 
Laboratoires de Recherche Nestlr, La Tour-de- 
Peilz, Switzerland. The apparatus for the auto- 
mated short-time incubations is produced by In- 
novativ-Labor AG., CH 8134 Adliswil, .Switzer- 
land. 

Results 

1. Characteristics of the preparation of vesicles from 
plasma membrane of hog thyroid glands 

The procedure worked out is based essentially 
on that to prepare liver plasma membranes [18] 
(see under Methods). The thyroid plasma mem- 
brane vesicles used in the present work are far 
from being '  totally' pure; the preparation routinely 
used was a compromise between the necessity of 
limiting the working time to a reasonable length 
on the one hand, and a reasonable degree of 
purification on the other. As Table I shows, the 
markers of plasma membrane (5'-nucleotidase, 
(Na++K+) -ATPase )  are enriched to approxi- 
mately the same extent (ranging in the various 
batches from approximately 23 to 27 times, i.e., 
1.5 more than in other comparable plasma mem- 
brane vesicles (see for example, Ref. 12); markers 
of mitochondrial (cytochrome c oxidase) and of 
lysosomes (acid phosphatase) are enriched to a 
lower and variable extent. Glucose-6-phosphatase 
activity is enriched to the same extent as the 
markers of plasma membrane; we did not in- 
vestigate whether this indicates that this activity is 

TABLE I 

MARKER ENZYMES DISTRIBUTION IN THYROID HOMOGENATE AND VESICULAR FRACTION 

The data in the table (expressed as 10-3 I.U. per mg protein; the figures i~ brackets are the enrichment factors referred to the 
original homogenate) are taken from two representative experiments. The experimental variation was within 10% of the data 
reported. 

Fraction 5 ' -Nucleotidase Glucose-6- (Na + + K + )-ATPase Cyt. c Acid 
phosphatase oxidase phosphatase 

Homogenate 4.0 1.2 1.66 7.26 8.00 
3.6 1.3 4.73 10.20 

Vesicles 104.0 (26 x) 32.5 (27 x) 37.8 (23 x) 35.42 (5 x) 103.0 (13 ×) 
98.3 (27 x) 30.3 (23 x) 55.60 (12 x) 59.0 (6 x ) 



associated with plasma membranes or (more prob- 
ably) that the vesicle preparation used here was 
rich in microsomal membranes - indeed, from the 
separation scheme used (see Methods) also enrich- 
ment of microsomal membranes in the final pre- 
paration should be expected. 

A number of transport systems other than that 
for I -  studied here are present in the vesicles 
preparation used. Under the conditions of our 
measurements of I -  uptake (in particular, in the 
presence of an initial NaC1 out ~ in gradient), 
Na+-dependent transport of both L-alanine and 
L-methionine was noted, producing overshoot of 
either substrate (data not shown). Possibly, trans- 
port  systems for these aminoacids may have been 
associated with other membrane vesicles in this 
preparation, because larger amounts of amino 
acids were associated with the vesicles at equi- 
librium than either D- or L-glucose or I - .  D-Glu- 
cose uptake was neither concentrative nor Na + 
dependent. The vesicular space available to D-glu- 
cose was approx. 0.404 + 0.014 (S.D.) #1. mg -1 
protein; that to L-glucose, 0.355 + 0.036 (S.D.) 
# l - m g  -1 protein. In comparison the vesicular 
space of brush border membrane vesicles (Me 2+ 
method) is approx. 1 /~1-mg -1 (see, for example, 
Refs. 21, 22). 

2. The 'uptake" of I - in thyroid plasma membrane 
oesicles 

In principle, the I -  associated with the vesicle 
preparation after incubation can be bound to 
(positive) charges of the membrane(s); be dis- 
solved in their lipid phase; be in solution in the 
vesicular space; and be in a combination of these 
compartments. To differentiate among these pos- 
sibilities, attempts were carried out to reduce the 
vesicular space by osmotic shrinkage using either 
sucrose or mannitol, but no unequivocal results 
were obtained. However, from the amount of I -  
remaining associated with the vesicles (in the pres- 
ence of 2-mercapto-l-methylimidazole) at long in- 
cubation times (e.g., 2 h) the 'space' available to 
this anion was calculated to be approx. 0.602 _+ 
0.007 (S.D.) #1 •mg -1 protein, i.e., larger, but still 
similar to the vesicular space available to D- or 
L-glucose (see previous paragraph). 

Furthermore, in the presence of an inwardly 
directed initial NaC1 gradient, a temporary accu- 
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mulation of I -  (an 'overshoot') was observed (see, 
for example, Fig. 2, e). We conclude that, at least 
during the first minutes of incubation, the I -  
found to be associated with the membrane vesicles 
represents transported, rather than 'bound'  I - ,  
and that our vesicle preparation allows the investi- 
gation of the major properties of I -  transport 
under the conditions used in this paper. Among 
these conditions, the presence of 2-mercapto-1- 
methylimidazole (already used by Ref. 11 and 
shown in Refs. 6, 12 not to inhibit Na+-dependent 
I -  uptake) must be particularly emphasized. In 
fact, in the absence of this compound, the amount 
of I -  which associated with the vesicles was much 
larger, by a factor 5 -6  (data not shown), probably 
reflecting its oxidation to the more lipophilic 12 
which is then taken up into the lipid phase of the 
membranes. 

The contribution of the so-called 'passive diffu- 
sion' to the uptake of I -  into our vesicles must 
have been negligibly small, because no deviation 
from Michaelian behaviour was observed (see be- 
low), and because the I -  uptake in the absence of 
Na + was minimal (see below). 

We surmise that most or all the I -  transport in 
our vesicle preparation occurs across the plasma, 
rather than other, membranes, because of its char- 
acteristics similar to those previously reported for 
I -  transport in the whole thyroid gland (in par- 
ticular, its Na + dependency, see below), and be- 
cause the specific activity of I -  transport is in- 
creased in the vesicle preparation roughly by the 
same degree (and occasionally more) than the 
markers of plasma membranes. 

3. Time course and K,, of Na +-dependent I -  up- 
take 

Fig. 2 (O) shows that the uptake deviates from 
the linearity fairly early; at 10 s (the earliest 
practical time) some deviation is already evident. 
The apparent K m of 4.8 /~M (Table II) was esti- 
mated from uptake values at 10 s. Also, the condi- 
tions were those of a dissipating initial NaCI 
gradient, which may not have provided the maxi- 
mum za~b which we have recommended elsewhere 
in connection with another, also rheogenic, trans- 
port  system [23]. However, it proved difficult to 
produce optimally high za~k due to a number of 
reasons to be mentioned in later sections. Thus, 
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Fig. 2. Time course of I uptake into thyroid plasma mem- 
brane vesicles, in the absence of inhibitors (e), or in the 
presence of 10 mM NaN 3 (A), or of 0.1 mM NaSCN (A), or of 
0.1 mM NaC104 (×) .  At the beginning of the incubation the 
extravesicular concentration of Nal2Sl was 10 ~M, with an 
initial out ~ in NaCI (100 mM ~ 0) gradient. For other de- 
tails, see under 'Methods'. In this and in the following figures 
each point is the means of at least three determinations; the 
bars indicate the S.D. values; when they are not given, the S.D. 
values were smaller than the symbol used. 

the K m values given in this paper should be 
regarded as operational values only, referring to 
the experimental conditions employed, i.e., in 10 
mM Hepes-Tris (pH 7.5), 300 mM mannitol, with 
an initial NaC1 gradient (100 mM out, zero in). 
With a smaller initial gradient of NaCI (50 mM 
out, zero in) an apparent  K m of 6 ~M was mea- 
sured. 

In whole, cultured rat thyroid cells the ap- 
parent g m for Na+-dependent  I -  uptake is ap- 
proximately 31 v M  [4,5]. The difference with our 
figures may be related to difference in species 
a n d / o r  in experimental conditions. 

4. Cation-dependency of I --uptake 
The quasi-initial uptake of I -  (i.e., at 10 s 

incubation) was investigated as a function of ex- 
travesicular Na  +, at two concentrations of 1% 3 

~M (i.e., close to the K m for I - ,  about 5 ~tM, see 
above) and 0.5 /~M (i.e., about 10-times smaller 
than the g m )  (Figs. 3A, B • and C). The initial 
C1- gradient was kept constant (300 mM out, zero 
in), and so was that of the sum of Na  ÷ + choline 
(or Na  + + Li ÷ + choline) (300 mM out, zero in) * 
Clearly, the Na ÷ dependence is sigmoidal, the 
being at both I -  concentrations 1.61. 

In principle, this sigmoidicity can be inter- 
preted in one of three ways, or in a combination 
thereof: it may indicate (i) that Na  + acts as an 
allosteric activator of I -  uptake: (ii) that, if Na  ÷ 
and I -  are obligatory cosubstrates in a non-rapid 
equilibrium Random (Iso) Bi-Bi mechanism, a 
N a  + first, I -  second sequence of events prevails 
at low Na + out concentrations [24] (see also Ref. 
23 for discussion); (iii) a n d / o r  that the Na  + and 
I -  are cosubstrates with a flux ratio Na  + : I -  is 
larger than one. 

Possibility (i) is unlikely since no sigmoidicity is 
detected in the dependence of uptake from the 
outer initial concentration of I - ,  at 100 mM initial 
NaC1 out (Fig. 4) or at 50 mM NaC1 out (data not 
shown). Likewise, possibility (ii) above is unlikely 
because no opposite deviation from a Michaelian 
behaviour is detected, either (Fig. 4) (see Refs. 23, 
24). 

On the other hand, possibility (iii), i.e., a 
N a + : I  - flux ratio larger than one, is rendered 
very likely by the electrogenicity of the transport 
system (see below). 

If an initial KC1 gradient is substituted for the 

TABLE II 

IONIC RADII  AND K i (or Kin) VALUES OF SOME LIPO- 
PHILIC ANIONS 

Ionic 
radius 

K i for fully-competitive inhibition 
(K m for transport, for I ), 

~ + S.D. (~Ivi) 

C10~ 2.36 11.0_+ 0.4 
I -  2.20 4.8 + 0.37 
SCN-  1.95 15.3 4-1.38 
N~ =1.59 a > 5000 

a Estimated, by analogy with NCO . 

* Except for the highest concentration of Na + in Fig. 3B, 
where the initial outer concentrations were 270 mM LiC1 + 50 
mM NaCI. 
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Fig. 3. Effect of  Na +, or K + , o r  Li + on I uptake. At  the 
beg inn ing  of  the incubat ion  these cat ions  (all as chlorides) 
were  present  in the extraves icular  fluid only, at varying con- 
centrations. Choline chloride was  used to ba lance  the ionic 
strength.  (A) 1231 was 3 #M;  O, Na  + alone; X, Li ÷ alone. (B) 
125I was 0.5/~M; e ,  Na  + alone; × ,  270 m M  Li + plus vary ing  

concentrat ions of Na+;  O ,  K + alone. (C) Hill plot of the data  
of I uptake in Na  + alone ( + choline), f rom Figs. 3A and 3B, 
at the I -  concentrat ions given. 

NaC1 gradient (Fig. 3B, O) no activation of I -  
uptake is detected. Thus K + cannot substitute for 
Na + as a cosubstrate, which fully agrees with 
reports in the literature using intact thyroid or 
intact thyroid cells [1,3-7], or proteoliposomes 
[12] and sharply contrasts with a report [11] using 
another type of vesicle preparation. 

A LiC1 gradient can substitute for NaC1 gradi- 
ent, albeit much less efficiently (Fig. 3A, x) and, if 
superposed to the NaC1 gradient produces an ad- 
ditive activation (Fig. 3B, x). This observation 
may or may not have clinical relevance (see Dis- 
cussion). 
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Fig. 4. Uptake of I -  in the presence of an initial NaCI 
gradient (100 mM out, 0 in), as a function of the I -  concentra- 
tion (Eadie-Hofstee plot), v, expressed as pmol of I -  taken up 
in 10 s, per mg vesicle protein; s,/~M. The K m was 4.70+_0.31 
~M; the Vma x 41 pmol.(10 s ) -Lmg -1 protein. 

5. Electrogenicity of Na +-dependent I -  transport 
Large lipophilic anions, e.g., SCN-,  CIO~- or 

N3-, could not be used to generate diffusion 
potentials in this system, because they strongly 
inhibit I -  transport (see below), probably all of 
them fully-competitively. H + gradients plus pro- 
ton carriers could not be used either, because of 
the strong pH-dependence of I -  transport (not 
shown). 

K + gradients (in > out) plus valinomycin were 
thus used in order to generate a diffusion poten- 

• - V a l i n o m y c i n  

/ ~ , . .  o + 0 . 2 5 / 1 g  V Q I . / m e  4 p r o t  

/ ~ * + 0 5  # g  . . . . . .  

6°t// 
40 

201 o m~ 

i, , i , , , L i i i# i 

05 30 60s 5 60 
Fig. 5. Effect of valinomycin on I -  uptake into K+-preloaded 
vesicles. The vesicle suspension was diluted with six times its 
volume with 'vesicle buffer' (see Methods) enriched with 50 
mM K2SO 4, spun down, resuspended in the same buffer 
(again, with K2SO4) to a concentration of approx. 17 mg 
protein.m1-1, and left to equilibrate for 1 h at 20°C. 
Valinomycin was added in ethanol at the amounts given below, 
and I -  uptake was initiated by diluting the suspension 1 to 9 
into a medium yielding the following final composition: 11 ~,M 
Na125I, 50 mM Na2SO 4, 5.6 mM K2SO4, 1.1 mM MMI, 10 
mM Hepes-Tris (pH 7.5) and 300 mM D-mannitol. O, no 
valinomycin; O, 0.25/~g, x ,  0.5 #g and A, 5 ~g valinomycin. 
rag- 1 protein. 

tial, negative inside the vesicles; but, again, only 
after it was made certain that, contrary to a report 
in the literature [11] K + cannot substitute for 
Na + (Fig. 3B, O). Fig. 5 (compare the faster 
uptake in the presence of 0.25 or 0.5 /~g 
valinomycin per nag protein, O, x, with the con- 
trol in the absence of valinomycin, Q) clearly 
shows that a negative membrane potential inside 
the vesicles accelerates Na+-dependent I -  trans- 
port, which is thus identified as being electrogenic. 
This agrees with the N a + : I  - flux ratio being 
larger than one, as suggested in one of the previ- 
ous paragraphs. 

Larger amounts of valinomycin, however, in- 
hibit the (net) uptake of I -  (see, e.g., in Fig. 5 A 



the experiment with 5 #g valinomycin per mg 
protein). This observation can be rationalized by 
suggesting that the large and lipophilic anion I-,  
once taken up, can soon easily diffuse out of the 
vesicle together with the large, lipophilic cationic 
valinomycin-K + complex, by forming with it a 
lipophilic, easily diffusable ion pair. That' is, the 
decreased net uptake of I -  in the presence of large 
amounts of valinomycin is the result of an in- 
creased passive efflux of I-, rather than of a 
decreased influx. This is most probably the mech- 
anism whereby massive doses of valinomycin elicit 
an accelerated efflux of I -  from thyroid tissue 
slices (see, for example, Ref. 25). 

6. lnhibitors 
The inhibition of I-  uptake in the thyroid by 

large lipophilic anions, such as SCN- or C104- 
has been known for a long time, from both in vivo 
and in vitro studies. However, the exact kinetic 
type of the inhibition and also quantitative com- 
parison among these inhibitors had been previ- 
ously inaccessible to experimentation, due to the 
unavailability of a suitable vesicle preparation (see 
Introduction). The vesicles developed in the pre- 
sent paper allowed a fairly reliable kinetic investi- 
gation, since it made accessible quasi-initial up- 
take rates most likely unbiased by the unstirred 
layers which plague most kinetic work using tissue 
preparations. 

Fig. 2 shows the effects of 0.1 mM SCN, 0.1 
mM ClOg or 10 mM N 3 on the time course of I -  
uptake. Already from this semi-quantitative com- 
parison it is clear that the two former anions are 
the stronger inhibitors. Figs. 6A, B report Dixon 
plots for these two. The kinetic type of the inhibi- 
tion is fully-competitive, the K i values being 15.3 
/xM and 11.0 /xM for SCN- and ClOg, respec- 
tively. 

For some years it has been known that a num- 
ber of (mostly unidentified) soya fractions inhibit 
the in vivo uptake of I -  by the thyroid gland 
[26,27] and may indeed lead to hypothyroidism. It 
was of interest, therefore, to test the potential 
inhibition by water or methanol extracts, of 
saponins and isoflavones on the I -  uptake activity 
of our vesicle preparation. None of the fractions 
and none of the isolated compounds displayed 
any inhibitory activity. 
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Discussion 

The preparation of thyroid gland plasma 
vesicles developed and used here is admittedly not 
quite 'pure '  (e.g., it still contains sizeable glucose- 
6-phosphatase activity, contrary to another [28]), 
but proved to be adequate for the purpose of our 
investigation. Like other vesicle preparations from 
other sources, they offer various advantages over 
surviving tissues or even cells (see, for example, 
Refs. 8-10). For example, it was important, in the 
case of I - ,  to measure its transport in the presence 
of a compound (i.e., 2-mercapto-l-methylim- 
idazole) preventing this anion from oxidizing to 
12 , which would be taken up by the lipid phase 
(see under 'Results', section 2); to carry out the 
uptake experiments under well-defined initial ion 
gradients; not to have to take into consideration 
the operation of the (Na ÷ + K+)-ATPase (no ATP 
in the media); to use a 'simpler' biological pre- 
paration when employing valinomycin (which per- 
force leads to equivocal conclusions in whole cells, 
e.g. Ref. 25). 

As pointed out under 'Results' the apparent 
K m values measured for I -  uptake (approx. 5 
/zM) is to be taken as an operational value related 
to the particular experimental conditions used 
(neutral pH, out > in NaCI gradient, 20°C, etc.), 
but it should not be too dissimilar from the actual 
K m in vivo, since our conditions were 'nearly'  
physiological. The K m for I -  uptake in intact, 
cultured thyroid cells is approx. 31 ~tM [4,5], which 
may refect  the difference in species (hog vesicles, 
vs. rat cells), or differences in conditions, or both. 
Either Kin-value, however, is far larger than the 
concentration of free I -  normally present in the 
blood (between 0.006 and 0.047 gM [29]). Clearly, 
some factors must operate in vivo, in addition to 
the ones investigated by us, to allow, and perhaps 
to regulate, the entry of I -  into the thyroid cells in 
large quantities. As we show below, I -  uptake 
into the thyroid is electrogenic; but we doubt that 
A~p could play a key role in thisi postulated regu- 
lation, since the apparent K m is little or not 
affected by a more negative A~p in the vesicles 
(O'Neill, unpublished results). 

The transport system is (almost) totally depen- 
dent on the presence of Nac~i~ (Figs. 3 A, B, C) and 
K ÷ cannot substitute for this cation. This is in 

excellent agreement with the original observations 
and interpretation of Iff and Wilbrandt [1] on 
intact thyroid glands and with some later ones, on 
cells (see, for example, Ref. 5), who attributed the 
small and slow activation of I -  uptake by low 
concentrations of Kc~ s to an indirect mechanism, 
i.e., to activation of (Na + + K+)-ATPase, which is 
of course not operating in our vesicles. 

The effects of Kou t a n d / o r  valinomycin need 
some comment, since quite a confusion is ap- 
parent in the literature. Endo et al. [11], for exam- 
ple, using a preparation of membrane vesicles 
different from ours, suggested that a K ÷ out ~ in 
gradient can substitute for the Na ÷ gradient. Our 
own observations show unequivocally that this is 
not the case (Fig. 3B, O) and thus agree (in being 
actually even more clear-cut) with other reports of 
the literature, utilizing intact ceils (see, for exam- 
ple, Ref. 4) or reconstituted proteoliposomes [12]. 

As to valinomycin (plus a K ÷ in ~ out gradi- 
ent), one must clearly distinguish between the two 
effects. Whereas small amounts of valinomycin 
(Fig. 5, 0 and x) stimulate Na+-dependent I 
uptake (which shows its electrogenicity, see below), 
large amounts of this ionophore lead to a decrease 
in the net uptake of I -  (Fig. 5, A). The simplest 
explanation of this 'inhibition' (also in view of the 
lack of any interaction between K ÷ and the 
N a + / I  - cotransporter, e.g. in Fig. 3 B, O) is that 
it arizes independently of the cotransporter itself, 
i.e., that the positively charged, lipophilic valino- 
mycin-K ÷ complex facilitates the efflux of the 
lipophilic, negatively charged I - ,  by forming un- 
charged, highly lipophilic ion pairs which would 
be highly mobile across the lipid barrier (see also 
the experiments in Figs. 1 and 3 of Ref. 13). It is 
thus unnecessary to postulate that valinomycin 
severely disturbs the lipid bilayer structure in the 
membrane, or that it acts by interacting with 
hypothetic (indeed highly improbable [12]) lipidic 
I -  carriers [30-32]. Valinomycin has been shown 
to induce efflux of I -  also from intact thyroid 
tissue [e.g. 25, 30], to which again the same simple 
explanation above can be given. 

A word of warning seems to be needed at this 
point against the uncritical use of valinomycin in 
the investigation of the mode of action of TSH 
(e.g., in Ref. 25): if this ionophore produces a dual 
effect in a system as simple as membrane vesicles 



(Fig. 5), an inexticable complexity, and thus am- 
biguity, must be expected with valinomycin acting 
on intact tissue. A partial list of effects to be 
expected includes a transient hyperpolarization 
(and thus stimulation of I -  uptake); increased I -  
efflux; decreased Ki+~; inhibition of oxidative 
phosphorylation, etc. 

Li + can substitute for Na t,  albeit rather inef- 
fectively (Fig. 3A, x) and has an additive effect 
over Na t (Fig. 3B, x). There are a number of 
reports on a variety of effects of Li + on thyroid 
function in man; for example Li t may produce 
hypothyroidism [33,34]. Whether this effect of Li + 
is related to its action on Na t-dependent I -  trans- 
port, it is premature to say. 

The gl/2 for Na + is decreased by increasing 
concentrations of I -  (Fig. 3C), and the apparent 
K m for I -  is somewhat decreased by reducing the 
initial NaC1 out ~ in gradient from 100 ~ 0  to 
50 ---, 0 mM, which reinforces the notion of I -  and 
Na + cotransport. While these observations agree 
with those made in intact cells [4], they are not 
sufficient to identify the kinetic mechanism of 
Na t ,  I -  transport (which our data above indicate 
to belong at least to an (Iso)Ter Ter group). In 
view of the complexity of the kinetic analysis of a 
system having a Ter Ter mechanism, we did not 
try to identify the order of substrate binding. 

The Na t dependence of I -  uptake is clearly 
sigmoid, with an ~ value of 1.61 at both I -  
concentrations tested (Fig. 3 C). For the reasons 
mentioned under Results, section 4, this sig- 
moidicity is interpreted as indicating that the Na t 
to I -  flux ratio is larger than one. In agreement 
with this Na t : I -  flux ratio, we find that Na t -de  - 
pendent I -  uptake into thyroid membrane vesicles 
is electrogenic (compare in Fig. 5, • with O or x). 
That  is, the thermodynamic driving force produc- 
ing accumulation of I -  into the cells and into the 
vesicles (see e.g., Figs. '2, 5) in addition to the I -  
gradient across the membrane is the A/~Na÷, i.e., 
the gradient of Na + across the membrane plus 
za~p, because the substrates, taken together ( I -  
plus more than one Na t ) ,  carry at least one 
positive charge. Some of the earlier interpretations 
(e.g., of some experiments in Ref. 13) may now 
have to be revised. Also this characteristic of this 
transport system seems not to have been observed 
by earlier workers, probably due to the number of 
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experimental difficulties inherent to the system 
(see under Results). This failure to recognize the 
electrogenic nature of I - / N a  + cotransport is nev- 
ertheless surprizing, since TSH has been reported 
by some authors to produce a hyperpolarization, 
by others a depolarization of the thyroid plasma 
membrane (see literature quoted in Ref. 25). 

The electrogenic nature of Na + / I -  cotransport 
may well have physiological significance in secur- 
ing a more efficient trapping of this anion from 
the very low concentrations in the blood, into 
thyroid cells, for whose hormonal activity it is 
essential. Indeed, it is not exceptional that the 
Na + : anion flux ratio of the membrane transport 
of an important anion may be larger than one, 
thus making it electrogenic and capable to 'ride' 
also on the electrical component of A/~Na+ (e.g., 
see the ascorbate transport in renal brush border 
vesicles [35]). 

As shown in Figs. 2 and 6, large lipophilic 
anions inhibit I -  uptake in vesicles of thyroid 
plasma membrane. The inhibition is fully-compe- 
titive, which is not surprizing, in view of their 
close similarity to I - .  Table II compares their K i 
values (or K m value, in the case of I - )  with their 
ionic radii (calculated from the hydration heat and 
the lattice energy, Ref. 36). Clearly, the closer the 
ionic radius is to that of I -  (2.20 A), the smaller 
the K i. The small K i values of SCN-  and of 
CIO 4- account for the well-known efficiency of 
these compounds in the management of hyper- 
thyroidism. 

Other inhibitors, of as yet unidentified nature, 
have been reported to occur in soya bean extracts 
(see, for example, Ref. 26, 27). We have thus 
tested, in addition to the anions of Fig. 2, several 
water or methanol extracts of soya flower, as well 
as a number of saponins and isoflavones, without 
identifying, however, any component capable of 
inhibiting Na+-dependent I -  uptake in our 
vesicles. 

Acknowledgements 

We thank Professor L. Venanzi and Dr. P. 
Gazzotti, ETH Ziirich for the valuable discus- 
sions, Dr. E. Wehrli for the electron microscopic 
photographs and Miss M. Gloor for the enzyme 
assay. 



274 

References 

1 Iff, H.W. and Wilbrandt, W. (1963) Biochim. Biophys. Acta 
70, 711-752 

2 Wright, E.M. (1974) J. Physiol. 240, 535-566 
3 Alexander, W.D. and Wolff, J. (1964) Arch. Biochem. 

Biophys, 106, 525-526 
4 Bagchi, N. and Fawcett, D.M. (1973) Biochim. Biophys. 

Acta 318, 235-251 
5 Weiss, S.J., Philp, N.J. and GroUmann, E.F. (1984) Endo- 

crinology 114, 1090-1098 
6 Marcocci, C., Cohen, J.L. and Grollmann, E.F. (1984) 

Endocrinology 115, 2123-2132 
7 Fayet, G. and Hovsrpian, S. (1977) Mol. Cell. Endocrinol. 

7, 67-78 
8 Murer, H. and Kinne, R. (1980) J. Membrane Biol. 55, 

81-95 
9 Semenza, G., Kessler, M., Hosang, M., Weber, J. and 

Schmidt, u. (1984) Biochim. Biophys. Acta 779, 343-379 
10 Semenza, G. and Corcelli, A. (1986) in Molecular and 

Cellular Basis of Digestion. 'The absorption of sugars and 
amino acids across the small intestine' (Desnuelle, P., 
Sjbstrbm, H. and Norrn, O., eds.), pp. 381-412, Elsevier 
Science Publishers B.V. (Biomedical Division), Amsterdam 

11 Endo, Y., Nakagawa, H., Aikawa, E. and Ohtaki, S. (1981) 
Acta Endocrinol. 98, 227-233 

12 Saito, K., Yamamoto, K., Takai, T. and Yoshida, S. (1982) 
J. Biochem. 92, 2001-2007 

13 Saito, K., Yamamoto, K., Takai, T. and Yoshida, S. (1983) 
Endocrinology 113, 1031-1035 

14 Saito, K., Yamamoto, K., Taiko, T. and Yoshida, S. (1984) 
Endocrinology 114, 868-872 

15 Saito, K., Yamamoto, K., Taiko, T. and Kuzkuya, T. (1985) 
J. Biochem. 97, 599-604 

16 Saito, K., Yamamoto, K., Ando, K. and Kuzuya, T. (1986) 
J. Biochem. 99, 503-511 

17 Wolff, J. (1964) Physiol. Rev. 44, 45-90 
18 Aronson, N.N. and Touster, O. (1974) Methods Enzymol. 

31, 90-102 
19 Kessler, M., Tannenbaum, V. and Tannenbaum, C. (1978) 

Biochim. Biophys. Acta 509, 348-359 

20 Lowry, O.H., Rosebrough, N.J., Farr, A.L. and Randall, 
R.J. (1951) J. Biol. Chem. 193, 265-275 

21 Siliprandi, L., Vanni, P., Kessler, M. and Semenza, G. 
(1979) Biochim. Biophys. Acta 552, 129-142 

22 Booth, A.G. and Kenny, A.J. (1974) Biochem. J. 142, 
575-581 

23 Kessler, M. and Semenza, G. (1983) J. Membrane Biol. 76, 
27-56 

24 Ferdinand, W. (1966) Biochem. J. 98, 278-283 
25 Sherwin, J.R. and Seaford, J,W. (1986) Am. J. Physiol. 250, 

E164-168 
26 Filisetti, T.M.C.C. and Lajolo, F.M. (1980) J. Food. Sci. 45. 

1179-1186 
27 Konijn, A.M., Edelstein, S. and Guggenheim, K. (1972) J. 

Sci. Fd. Agric. 23, 549-555 
28 Grollmann, E.F., Lee, G., Ambesi-fmpiombato, F.S., 

Meldolesi, M.F. Aloj, S.M., Coon, H.G., Kaback, H.R. and 
Kohn, L.D. (1977) Proc. Natl. Acad. Sci. USA 74, 
2352-2356 

29 Wayne, E.J., Koutras, D.A. and Alexander, W.D. (1964) 
Clinical Aspects of Iodine Metabolism, Blackwell, Oxford 

30 Wolff, J. (1969) Progress in Endocrinology (Goal, C .and 
Ebling, F.J.G., eds.) pp. 665-668, Excerpta Medica, New 
York 

31 Vilkki, P. (1962) Arch. Biochem. Biophys. 97, 425-427 
32 Schneider, P.B. and Wolff, J. (1965) Biochim. Biophys. 

Acta 94, 114-123 
33 Shopsin, B., Shenkman, L., Blum, M. and Hollander, C.S. 

(1973) Am. J. Medicine 55,695-699 
34 Lydiard, R.B. and Galenberg, A.J. (1982) Annu. Rev. Med. 

33,327-344 
35 Toggenburger, G., H~tusermann, M., Mtitsch, B., Genoni, 

G., Kessler, M., Weber, F., Hornig, D., O'Neill, B. and 
Semenza, G. (1981) Biochim. Biophys. Acta 646, 433-443 

36 Jatzimirski, V.J. (1956) Thermochemie yon Komplexver- 
bindungen, p. 25 and p. 40, Akademie Verlag, Berlin 

37 O'Neill, B., Isely, A., Magnolato, D., and Semenza, G. 
(1986) in Ion gradient-coupled transport, INSERM Sym- 
posium No. 26, Sept. 18-20, 1985 (Alvarado, F. and Van 
Os, C., eds.), pp. 309-312 (Abstr.), Elsevier Science Pub- 
lishers, Amsterdam 


