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S I , ] ' f f M ~  

x. T h e  ab i l i ty  of var ious  an ions  to  ~eact  ",v~-Ith tti~. iod ide- t ranspor t  s y s t e m  of 
sheep - thy ro id  slices has  been  inves t iga ted .  ~ a ~ a m a f l / ~ l ~ r a n g e d  f rom 3-5" Io-7 M 
to  2 .1o  -= M to give a series of increas ing  FK ~xaihm~,: "ITQ(!)~- ~< CIO~- <: R e 0 4 -  < 
B F  a- < SeCN-  -~ S O , F -  < S C N -  < I -  < ~gIO~. - << ~ -  <: O C N -  ~-~ Br - .  

2. These  were  c o m p a r e d  w i th  t he  partiglrmdM]iimiirx~olixmes a t  inf ini te  d i lu t ion ,  
Oo, which  shows t h a t  th i s  series also :f0Hnws aa dimmasihg= order  of ~0  (with the  
excep t ions  of ReO4- ,  S O a F -  and  SeCN-)..- '¢ Llixemarr~h~n~ exis ts  be tween  the  p K  
va lues  a n d  t he  pa r t i a l  mola l  ionic volumes,  c~xazr0itmmaag~off~-46 ml/mole.  A l t h o u g h  
t h e  p K ' s  decline w i t h  la rger  volumes,  a d e a r * a m  mmeiimma~ was  no t  observed.  No 
s imilar  cor re la t ion  exis ts  be tween  t h e  p K  :ml f l ,~ rmi im~t~x-amete r s .  

3 - 'A l l  of t he  an ions  (except  T c 0 4 - .  =~Riidh ~va~ nott tes ted)  were  shown to be 
compe t i t i ve  inh ib i to r s  of iodide t r a n s p o r t  ! h y < f i n t i t i h e ~ e M i p l o t  analysis .  

4- T h e  i m p o r t a n c e  of size, u n i v a t e n c y : m a f l ~ f f r t r a n i 0 n ~  t r a n s p o r t  in t hy ro id  
t i ssue  a re  briefly d iscussed in re la t ion  to  cem~ha ~ l ~ p e r t i e s  of t he  ions, 

IN~FR OlIUCr~]~A" 

The role of ionic size in anion transpox't i hy ~ t~iiimm~ !i~s been suspected ever 
since it was found that the Br- ion is £one~tku~mLq tn~l~sser extent• than iodide I. 
I t  was  s u b s e q u e n t l y  found  t h a t  t h e  hal ide,  ~ x ~ : , ,  ~ w~flE c o n c e n t r a t e d  b y  th3Toid 
g lands  ~, whe reas  t h e  smal le r  ions Cl-  and  .=~m--.~auremm~.]Em, a o ~ l e x  an ions  of per iodic  
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group VIIA,  TcO 4- and  ReO4-, are also concen t ra ted  by thyro id  tissuea, 4. Certain 
o ther  complex anions had  been found to inhibi t  iodide concent ra t ion  by  thyro id  
tissue e.g. SCN-, CIO4-, NOa-  (see ref. 5)- I t  was pos tu la ted  t h a t  this  inh ib i tory  
potent ia l  was, in some manner ,  a function of the  position of these ions in the  Hof- 
meister  or lyotropic series. 

More recent ly  ANBAR el al. 6 suggested tha t  the inhibi tory  propert ies  of the  anions 
were related to their  size. They  showed t h a t  cer ta in  complex anions, BF4-,  SOaF-  and 
PO~Fa-, chosen for the i r  size, could inhibi t  i od ide  t ranspor t .  Fur the rmore ,  CIO 4- 
and  B F  4- were shown to be concent ra ted  by thyro id  tissueL Ion sizes were calculated 
according to H0CKEL a, appa ren t ly  as mult iples of the  oxygen or fluorine volumes at  
the corners of the  body-centered te t rahedra .  Such size es t imates  were not,  however,  
in agreement  wi th  our finding 4 t h a t  TcO 4- and  ReO4-, are more avidly  concen t ra ted  
by thyro id  tissue t h a n  I - ,  despite the  fact t h a t  thei r  volumes would be of approxi-  
ma te ly  the  same size (4" IO-e~ cmS) in the above calculations.  

In  order to decide wha t  sort  of size p a r a m e t e r  would best  describe the  size 
requi rement  of the  an ion- t ranspor t ing  sys tem of the  thyroid,  it is necessary  to have  
some quan t i t a t i ve  measure  of the  anion effects on thy ro id  tissue. We have,  therefore,  
measured " c o n s t a n t s "  of the  Michaelis type,  Km or Kt,  t h a t  describe ha l f - sa tura t ion  
of the  t r anspor t  sys tem in the  s teady  s tate ,  for a n u m b e r  of un iva len t  anions. These 
have been compared  wi th  cer ta in  size pa ramete r s  t aken  from the  l i t e ra ture  or de- 
te rmined by us. By far the  best  correlat ion be tween K values and  size exists wi th  
par t ia l  molat ionic volumes. A pre l iminary  report  of these  findings has  appeared  ~. 

MATERIALS AND METHODS 

Analyt ical  reagents  were used unless otherwise indicated.  KSeCN (Bios) was purified 
by acetone ext rac t ion  a t  room t empera tu re  and  crystal l izat ion from acetone.  Hot  
acetone and  evapora t ion  under  vacuum led to decomposit ion to free selenium in 
our hands.  NH4BF4 was made  according to BOOTH AND REHMAR 1°. Crude NH4SOaF 
was obta ined from the  Chemicals P rocurement  Laborator ies ,  N.Y. I t  was purified 
by methano l  ext rac t ion  and crystal l izat ion from e thanol  to yield a p roduc t  wi th  
a mel t ing point in agreement  wi th  the  l i te ra ture  (245°). E lementa l  analysis  of the  
ammonium salt  yielded: found:  N, I1 .88%"  F, 16.36°,/o; S, 0_7.o30/0 • theoretical" 
N, 11.96 %; F, 16.22 %; S, 27.38 %. 

Radioact ive  iodate was made  by oxidat ion of 25-3o/~C of mlI-  in the  absence 
or presence of carr ier  (15 t~g KI) in H~O wi th  C12 gas. This  mater ia l  was t hen  chroma-  
tograpl-,edl-. :3 on "~Vixatman No. 3MM paper  by  the  ascending technique.  The  position 
of the band  was identified by brief exposure  to X- ray  film. The  appropr ia te  s t r ip  
was cut  out,  e lu ted wi th  H~O, and  concent ra ted .  The  yield was essential ly quant i -  
ta t ive.  Control str ips with stable iodate were s ta ined  wi th  d i p h e n y l a m i n e - H n P O  4 
(see refs. 11-13). 

Par t ia l  molal ionic volumes were t aken  from the  l i tera ture  t4' or, when not  avail- 
able, t hey  were derived from the  densities of their  solutions de termined  in Richardson 
pycnometers  a t  ~5.o °. Volumes at  infinite di lut ion were de te rmined  graphical ly  
from a min inmm of five points  per  curve according to the  empirical  equa t ion  of 
MASSON 15: 

= ,too + sv/  

Biochirn, Biophy~. Acta, 69 (I963) 58-67 
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~ ~ s ~ t ~ a , p p a r e n t  molal  volume;  ff~o is the  molal  volume ex t r apo la t ed  to  infinite 
, ~  ~ i ~ t t ~  slope; and  c is t he  concent ra t ion .  

~ v ~ m T t e s  were  sub t r ac t ed  according to the  conven t ion  of FAJA~S A,'CD 
j j I m ~ e ~ . . E o t a s s h x m  iodide, NaSCN and  NH4SCN were used to check t he  m e t h o d  
a~giim~x~iim~itx t h e  l i terature .  Iodide ion gave a value of 36.8 ml/rnole ( l i terature 
3 ~ 6 7 7 ~ ) a a K l  SCN-  ion was 4I .o  ml/mole as compared  to  4o.6 ml/mole t*. A 
~ i ~ k t d ~ s d i ~ ' o x t  of these  d a t a  will be repor ted  elsewhere t~. 

/ ~ m ~ m d : ~  va lues  were de te rmined  in sheep thy ro id  slices by  me thods  previously  
., t t c m c i t t t ~ , ' m r  T h e  volume of med ium was  increased to  5 ml to reduce  concen t ra t ion  
, : ~ s i i ~ t l i ~ m e d i u m  a t  t he  s teady  s tate .  Equi l ib ra t ion  t ime  for iodide in t he  anion-  
i l e ~ r d i ~ z ~ t t ~ w a s  checked wi th  SCN- and  CIO4- and  was  found to  be well wi th in  the  
~3o-nmmr~i~iim~bation period. Kt va lues  were  de t e rmined  at  th ree  levels of iodide 
aamt :V i~ f i  t f l i i i~or .  All po in ts  were in dupl ica te  so t h a t  a single Kt value  was ob ta ined  
~ - . N 3 .  ~ 3o flasks on the  same tissue. Generally,  this  procedure  was  followed 
, m n f ~ i ~ 7 ~ t h y r o i d  g lands  for each  compound.  I t  was  assumed  t h a t  t he  sys tem 
~ x ,  e s a ~ s i m p l e  s a tu ra t ab l e  sys tem xg. Al though  this  m a y  be too simple ,~ view 2°, 
r t ~ [ ~ K ~ l m ~ s ~  ,obtained are useful for compara t i ve  purposes.  No correct ions were 
, q ~ m ~ ~ e ~ c r ~ e ~ | a r  (inulin) space as the  grad ien ts  (T IM IX-])  were usual ly  qui te  
! i ~ g e , ~ A ~ o f ' o . 7 5  was  sub t r ac t ed  from the  T I M  [X-]  for t he  anion t h a t  en te red  by  
' ~ ' n T : / i : ~  va lues  were  ob ta ined  from plots  of t he  reciprocal  of the  s t eady  s ta te  
~ . ~ t t f i t e c e ~ m ~ o n  in the  slice vs. t h e  inhib i tor  concent ra t ion .  The  Km values  were 
, ~ m i i m e E ~ D l f i c a l l y  from double reciprocal  plots  as  previous ly  described~, ~. The  
~ ~ z e ~ .  fmmt appl ied  to thyro ida l  t r anspor t  problems by  WOLLMA~ "~-x. 

YIx~clteel~: for.,, protein b ind ing  of an ions  in the  medium,  slices were  incuba ted  
~ ~ ~ t m r t i e a l i c o n d i t i o n s  b u t  w i th  a t issue concen t ra t ion  th i r ty- fo ld  t h a t  usual ly  
, . ~ ~ e k t _ ~  (~ ,~s l iees /xo  ml  medium) .  After  9o rain t he  med ium was  cent r i fuged to 
r e m ~ e e c e ~  T im calcula ted  prote in  concen t ra t ion  (on t he  basis of thyroglobul in)  
~ m s I ~ . ~ ~  This  solut ion was  dialyzed aga ins t  e i ther  3" IO-~ M I -  or 4" IO-~ M 
~ - - ( i 0 m l t t m ~ r s o l u t i o n  ) a t  4 ~ wi th  in te rna l  and  ex te rna l  st irr ing.  Similar experi-  
~~wzz~cc~_vr i_ ' ed  out  w i th  a 5% solut ion of " p u r e "  beef thyroglobul in  (95% I9-S 
fft~iomnam~sF/o zs-S fraction).  W i t h  t he  m e m b r a n e s  used, > 99% equi l ibra t ion had  

R E S U L T S  AND DISCUSSION 

Z l t ~ a ~ . i u t x ~ t h e  curves  ob ta ined  by  p lo t t ing  the  reciprocal  of the  iodide ion concen- 
L ~ _ _ ~ ~ t ~ m ~ n  the  slices when  the  s t eady  s t a t e  is a t t a i n e d  aga ins t  the  concentration 
~ t I ~ t m e d l i s  shown in Fig. x. Iodide values are  ca lcula ted  from the  concen- 
~ o f i ' m ~ l P  a&ded and  the  fract ion of r ad ioac t iv i ty  remain ing  in solut ion when 
~ ] m _ ~ o c c u r r e d  (9o-Ioo  min). I t  was  assumed t h a t  t he  ioa, adde con t r ibu ted  
~ ~ ~ s H c e  was not  i m p o r t a n t  at  the  iodide concen t ra t ions  used. P re l iminary  
~ t h e  x~I-  released into  the  med ium ~2 suggest  th i s  to  be the  case. 
~ ~ m t h i  of t h e  exper iments  t he  d a t a  ob ta ined  did no t  yield lines sa t i s fac tory  
f~mr~i~mm~i  .l~0~ analysis .  The  devia t ions  of t he  points  did not  show a n y  consis tent  
_ q m 0 z t t ~ ~ e r ; ,  a n d  t h e  reason for th i s  is, a t  present ,  unexpla ined.  Such d a t a  were 
rmmmm~. 

i h a ~ - l ~ i  axe l isted t he  Km values  for I - ,  TcO 4- and  ReO4-,  t a k e n  from our  

Biochim. Biophys. Acta, 69 (x963) 5 8 - 6 7  
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previous  work4, ~v, as well as /Q values for iodide t r anspor t  of t he  sev~al~umitm.- 
chosen  for th is  s tudy  because of the i r  size. I t  is a p p a r e n t  t h a t  the  r a n g e  ,0frtl~h~s~, 
" c o n s t a n t s "  ex tends  over  near ly  five orders  of magn i tude ,  the  smaller  anionsflxa~mz/: 
larger cons tan t s  t han  m o s t  of the  large, t e t r ahed ra l  ions. Of in teres t  is t h e - f i n ~ ~ a ~  
for ReOa-,  the  Km value, using ~ R e  was ident ica l  to  a Kl va lue  determinedu~gaias~ 

r. . . . . . . . . . . . . . . . . . . . . . .  

~.01 ; 7.5"10"° M I -  
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Fig .  2. T h e  r e l a t i o n  b e t w e e n  t h e  p / (  F - , l ~ g / t 7 ~ , t ~ r  
Ki)  fo r  a n i o n  t r a n s p o r t  in  s h e e p  .*.hyroid~*iliems~',L, 
t h e  p a r t i a l  m o l a l  i on i c  v o l u m e  a t  infztxite, ifliltitimm. 
~ ,  o f  t h e s e  a n i o n s .  I o d i d e  a n d  TcOa--.vialel~sAz~rt • 
d e r i v e d  f r o m  t h e  K m  v a l u e s ,  R e O  4-  .~rom>i~2t t lh /~ ,  
o r  Kl ,  a n d  a l l  o t h e r  a n i o n  p K  valttes:~u-trtnti tht .  

K l  v a l u e s .  

F ig .  i .  T h e  e f fec t  of  v a r i o u s  a n i o n s  o n  t h e  a c c u m u l a t i o n  o f  i n t r a t h y r o i d a l  iodide.~ 'l-?l~tmttro,lbt 
t h e  r e c i p r o c a l  o f  t h e  c o r r e c t e d  i o d i d e  c o n c e n t r a t i o n  in  t h e  s l ice in  t h e  s t e a d y  s t a t e  x ~ ] ~ - ~ ' x , - ,  
t h e  c o n c e n t r a t i o n  of  i n h i b i t i n g  a n i o n .  C u r v e s  fo r  t h r e e  d i f f e r e n t  s t e a d y  s t a t e  e o n c ~ , ~ t t i ~ s ~ b l  

i o d i d e  in  t h e  m e d i u m  a r e  g i v e n .  T h e i r  i n t e r s e c t i o n  d e t e r m i n e s  t h e  1£1 v a l u e .  

iodide ion (Table I). These  values agree well wi th  the  in  vivo finetings:!~r-iduni_4s 
poorly concen t ra t ed  ~, NOa-  is a poor inhibi tor ,  whereas  C104- has  b e e n 4 o m i d m ~  
very  po ten t  5. T h e y  are  in sa t i s fac tory  agreement  also wi th  the  c o n c e n t r a t i t m ~  
for 50% inhibi t ion of iodide accumula t ion  in t he  choroid plexus of : -~bhi~3:e~. , .  ,. 
C104-, 2 " 1 o  -e  M;  B F , - ,  5 . 1 o  .6  M" c ~ - - , -  , , o ~  , 3 " i o  -s M and  NO3-, 3:zo~m~M;amatdifin 
mouse  sa l ivary  glands:  CIO4-, 2" Io  -6 M; I - ,  3" xo-5 M ; and  SCN-,  3'-'~o*-~M(~( eee 
ref. 24). The  SCN-  values  should  a l so  be compared  wi th  a Kt of 6 . i o - 5 : , M , 0 ~  
by  WOLLMAN in the  thyro ids  of in tac t  mice 2x. The  sl ight d i sc repancy  c a z z ~ ~ -  
be explained,  a t  least  in par t ,  by  b ind ing  of SCN-  to  se rum pro te ins  ~=-Jthdfimaaet 
animals.  W h e n  the  Km or Kt values  are  p lo t t ed  (as t he  pK's)  vs. t h e ~ ~ h l  
ionic volumes,  ~0, of t h e  .anions, a h ighly  significant corre la t ion was  o b t a i m ~ 1 0 F ~  ,-f_). 
T h e  m a x i m u m  p K  value was  near  3" zo-T M wi th  TcO4-.  Since technetitml~e:x~tsmt~. - 
in the  radioact ive  form it was  no t  prac t ica l  to  obta in  a par t ia l  ~ m o l a l ' , ~ f d m T  
TcO4-,  and  we have  used t he  mean  be tween  t h e  MnO4- and  ReO 4- v o h m m s . ~ ~  

Biochim. Biophys. Ac,~, 69 ~ 5 ) ~  



o~
 

tO
 

t~
 

T
A
B
L
E
 

I 

?¢
am

~ 

T
H

E
 

R
E

L
A

T
IO

N
' 

O
F

 
h

'm
 

A
N

D
 

K
I 

T
O

 
A

N
IO

N
 

S
IZ

E
 

P
ar

lia
l m

ol
al

 vo
lu

)~
 

V
ol

um
es

 o/
 

Tr
an

sp
or

t h
'i 

or
 K

ra
* 

¢,
 a

t :
5.

0*
 

A
SB

A
a e

l a
l.'

 
Re

la
tiv

e 
hy

dc
at

cd
 

(5
1)

 
(m

tlm
ot

e)
 

(t
o-

"c
m

*)
 

sk
e 

K
 ..

.. 
l.

od
 ~

 

B
ro

m
id

e 
(B

r-
) 

-.
 2

. 
m

 -
z 

Io
da

te
 (

IO
f)

 
__

 

C
ya

na
te

 (
O

C
N

-}
 

i-
2.

 m
 -a

 

N
it

ri
te

 (
N

O
2-

) 
4'

 m
-3

 

N
it

ra
te

 (
N

O
a-

) 
i-

-,
. 

J o
 -3

 

Io
di

de
 (

I-
) 

3"
 lo

 -s
 

T
hi

oc
ya

na
te

 (
SC

N
-)

 
z-

 3
. 

I o
-'

 

M
on

of
lu

or
os

ul
fo

na
te

 (
SO

sF
-)

 
I-

2'
 I

O
 -5

 

Se
le

no
cy

an
at

e 
(S

eC
N

-)
 

i.
 i

o 
-n

 

T
et

ra
fl

uo
ro

bo
ra

te
 

(B
F

()
 

3'
 I

o-
~ 

P
er

rh
en

at
e 

(R
eO

()
 

x.
xo

 -e
, 

z.
 l

o 
-~

 

Pe
rc

hl
or

at
e 

(0
04

-)
 

4"
 to

-7
 

P
er

te
ch

ne
ta

te
 (

T
cO

()
 

3-
5'

 I
o-

7 

~-
5.

 i 
'"

 
3,

a3
 

0.
94

 

2
5

.I
 -

) 

20
.7

''*
 

2
5

 *
t,

2
0

° 
1.

O
2 

29
.4

 '
 *
 

I.O
3 

3O
.7

 ° 
' 

4.
Z3

 
0.

90
 

4
0

.6
 '

t 
I.

II
 

47
.8

'*
* 

~
4

 

5
o

.3
""

 

4
4

.o
'"

 
~

4
 

1.
12

 

48
.7

'*
" 

4.
1o

 
1.

34
 

44
.5

'*
 

3.
94

 
I.

o9
 

46
.0

 t 
(4

.0
5)

 §
 

V
ol

um
es

 oI
 C

oI
:T

C
aE

 
A

N
D

 L
A

ID
L

E
R

 za
 

S
tr

~
IU

?~
) a

~ 
(m

l/m
ol

e)
 

a5
.O

 
Sp

he
ri

ca
l 

P
yr

am
id

al
 

L
in

ea
r 

.~
 

O
 

a6
,5

 
A

ng
ul

ar
 

,tl
 

29
.3

 
Pl

an
ar

 
. 

36
.6

 
Sp

he
ri

ca
l 

L
in

ea
r 

T
et

ra
he

dr
al

 
~,

 

L
in

ea
r 

46
.9

 
"l

'e
tr

ah
ed

ra
l 

,~
 

T
et

ra
he

dr
al

 

46
.,1

 
T

et
ra

he
dr

al
 

T
et

ra
he

dr
al

 

a,
 

e~
 

A
 g v ka
 

0o
 

' 
K

m
 v

al
ue

s 
in

 i
ta

li
cs

 f
ro

m
 W

O
L

FF
 A

N
D

 M
A

U
R

E
Y

 4
.1

7.
 

+ °
 F

ro
m

 F
A

JA
N

S 
A

N
D

 J
O

H
N

SO
N

 14
. 

"°
' 

D
et

er
m

in
ed

 f
or

 t
hi

s 
st

ud
y.

 
t 

T
ak

en
 a

s 
th

e 
m

ea
n 

of
 M

n
O

( 
an

d 
R

eO
/(

se
e 

re
f.

 t
4)

. 



T H ~ O I D 3 A ~  ~ i ~ :  THA~SI~ORT 6 3 

t he r e  is a decl ine in t h e  p K ~ a s t t h e ~ i d d m g l i d ]  ionic vo lumes  exceed  46 ml /mole  
(as sugges ted  by  ReO4- ,  s O ~ F - z a n t t ~ - ) )  omxld3 n o t  be  a d e q u a t e l y  t e s t ed  for lack 
of an ions  of su i t ab le  volume.  ~ h e d ~ s ~ ~ t s w i t h  S O s F -  are  u n e x p l a i n e d  a t  
present .  Similar ly ,  a "minimum",~izei is~fffmxltxto ,obtain because  t h e  c o n c e n t r a t i o n s  
r equ i red  are  so large as  to  demmaticti~bttimnofffadln*ge f r ac t ion  of C1- f rom t h e  m e d i u m  
to  m a i n t a i n  osmolar i ty .  Non-~pecqfic efff im~wcml~ t h u s  be  l ikely to  occur.  

Tab l e  I also lists various,  r r ther .~met]mmaaett~,  r n  add i t ion  to  t h e  pa r t i a l  mola l  
ionic volumes,  we h a v e  listed, ~ o r c e ~ . t t i e - v o l u m e s  g i ven  by  ANBAR el al. 6, 
re la t ive  h y d r a t e d  sizes f r o m : c ~ n ~ ~ e n t s  ~ ,  and  t h e  "ef fec t ive"  radii  
as  ca l cu la t ed  by  COUTURE A-ND I L ~ m  _ m t ~ . , ~ ~  t h e  va lues  ca l cu la t ed  accord ing  
to  H0CKEL nor  those  o b t a i n e d  f i roml l i in~ix :mmmurements  show a c o m p a r a b l e  corre-  
la t ion  wi th  t h e  Km or Kt  v a l u e s . l ~ t i i s i i s i i n a o n t t a ~ t u  an ion  p e r m e a b i l i t y  as exh ib i ted ,  
for example ,  in ca t  neurones~',vYhexetm0m~l~irna.wiflx k ine t ic  radi i  is found.  I t  is d e a r ,  
however ,  t h a t  t h e  e m p i r i c a l . e q u a t i m a d t ~ q r g e ~ t ] t i y  C,,,UTUR~ Arid LAIDLER 2e, wh ich  
is based  on t h e  n u m b e r  ofligantis~anHttize"0at/mtive'" r ad ius  (sum of t h e  b o n d  l eng th  
a n d  Van  der  Waa l s  r ad ius  of, oxygen) ,  ~yidittsv~lttmes t h a t  show close cor re la t ion  w i th  
mos t  of t he  pa r t i a l  mola l  :ionic w d h m e ~ ~ e d i  e x p e r i m e n t a l l y  a n d  hence  also 
w i t h  t h e  Km or/ISi values .  

I t  should  be po in t ed  o u t ~ h ~ t t h e q ~ m f l i m ~ w e r e  m e a s u r e d  a t  2,5 ° whe reas  Km or 
Kt  va lues  were  o b t a i n e d  a t  37--.387. ?~stiitemaiim~volumes show cons iderab le  t e m p e r a -  
t u r e  d e p e n d e n c e  not  directly~rdla~lflttDtiteev-~li~__~of~ Oo x*, i t  m i g h t  be supposed  t h a t  
t he  order  of sizes differs a t  37 9.~ited~li~6CtS/7liviit~ttie o rde r  CIO4- :> N O a -  :> I -  > B r -  
b u t  a m o u n t s  to  only  o .5 -x .5_mlprnd ie f fm~i~ t tmageza ture  difference, hence  t h e  o rder  
of T a b l e  i or Fig. 2 wou ld  no t ibe i i r~mnnwB.  

The re  are  severa l  u n c e r t a i n l i ~ s i i n ~ t t i a t  deal  w i th  (a) possible decompo-  
s i t ion of t h e  an ions  in o u r - s y ~ e m ,  amta (~k))t~ssibte b ind ing  of ions  b y  p ro te in  t h a t  
has  leaked  ou t  of t he  slices, kBoth,~ff tf lemew~ultEtend to  lower t he  c o n c e n t r a t i o n  of 
an ion  a n d  hence  give falsely ihi~41/K~,aitm~. 

z. The  poss ibi l i ty  t h a t  iE[F~-- ,~rr~]F-we~m,ir th ibi tory  on t h e  bas is  of hydro lys i s  
to F -  ,~n ~ , , , d  no t  be ent ixe ly~mmnt tegd.X~x~t l ie refore  m e a s u r e d  t h e  effect of F -  
on iodide t r a n s p o r t  in t h e  sheeprlixymith~!iime.TI~ier~ ~ a s  no  s ignif icant  effect on iodide 
t r a n s p o r t  w i th  m e d i u m  F -  t e v e t s ~ s t t i ~ h ~ s 3 ~ - m ~ , l ~ L  T h u s  t h e  i n h i b i t o r y  effects of 
t hese  ions c a n n o t  be aceourrteflttxrrklay _tO~"rr~rtm~al c o n t e n t  of F -  even  if comple te  
hydro lys i s  occurred.  I t  h a s : b e e n a ~ [ p ~ t l i a ~ t t i e - l i r e a ! . l o w n  of B~SF, - is negligible v. 

,2. ~VvN~AARI)V,r~ e:" al:r '~t l~p~r~tl t f la~ I I ~ - ; - w a s  a n  effective inh ib i to r  of iodide 
a c c u m u l a t i o n  a n d  also s t i r n u l a t e I f l ~ o f f i 0 d i d e  f rom t h e  g land.  W e  the re fo re  
t e s t ed  t h e  a c c u m u l a t i o n  of ~ x a ~ I O ~ - - i _ i n ~ ~ d ~ s t i c e s .  Whi le  cons iderab le  radio-  
a c t i v i t y  d id  a c c u m u l a t e  in .-the ~ g l i e ~ i x l g g a m n  a t ~ a r e n t ,  t h o u g h  s o m e w h a t  skewed,  
s a t u r a t i o n  curve,  i t  was  foun t l  t i tmt  atll ~ m d i 0 a c t i v i t y  in t h e  t h y r o i d  b e h a v e d  

1 1  1 B  _ _ _  c h r o m a t o g r a p h i c a l l y  - i l i k e i i o H i l ~ _ . ~ ~ n o , i o d a t e .  I n  t h e  m e d i u m  different  
p ropor t ions  of t h e  radioaefi-eity~meeiintlt~f~__~a_ ~oI~ ioda te  or iodide, d e p e n d i n g  on 
t h e  in i t ia l  c o n c e n t r a t i o n  of ~iottm~ ~ ] 5 .  l~t ~ . ~  likely, therefore ,  t h a t  ioda te  is 
r educed  (as also shown  b y  ~ ~ . ~ a ~ - ~ , a n d l t h a t  t h e  a c c u m u l a t i o n  of radio-  
a c t i v i t y  of ~-Oa-. a_n_d pro_~_~!yiitsiifl_tit!~ttr~. , ~  a s  wall,  r e su l t  f rom t h e  iodide so 
formed. 

3. Ch lora te  and  b r o m a t e  ~,eer~iixtfitfittm~, h~rE~ t r a n s p o r t  wi th  5 ° % po in t s  in  
t h e  r ange  of zo-a-xo-~:'M. \ W e ~ v ~ m m t i t ~ t O , o b t a i n ~ r e p r o d u c i b l e  resul ts ,  and~high  

Bie ,h im .  Biophys.  A cta. 69 (x963) 58-67 
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levels caused oxidat ion of the  tissue p igments .  F rom their  oxidat ion  potent ia ls ,  
which are higher  t b a n  those of IO 3- (seeref. 28) *' _ • ~ e v  would not  be expected  to  persist" 
however ,  we were unab le  to  prove t h a t  t h e y  were reduced because our  chromato-  
graphic techniques  were not  sensit ive enough u-~a. The fact  t h a t  o ther  s t rong oxidizing 
agents ,  such as Cr±O~ 9- or CrO~ ~-, were s t rongly  inhib i tory  suggests  t h a t  the  effect 
of CIO~- or BrO 3- m a y  be non-specific. We  find it difficult, however,  to expla in  the  
inhibi t ion in vivo repor ted  for CIO 8- (see ref. 5)- 

4. A cer ta in  degree of unce r t a in ty  applies to  NOg-  and OCN- .  The former was 
s l ight ly  less ac t ive  t h a n  NO 3- bu t  as there  was obvious in teract ion wi th  the  p igmen t  
of the  slices, it m a y  be t h a t  t he  effective: concent ra t ion  differed f rom the  s t a t ed  one. 
Sod ium c y a n a t e  inhibi ted  50% a t  1-2 .  zo -~ M, b u t  the  odor  of HCN was easily 
de tec ted  in this  sys tem,  and  no accuracy  can be c la imed for these  de te rmina t ions .  

0.03 i. 2.8.10-2M 
.,w, OCN- 

o~2 r .. i.. o'~.~-,o-~, 
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Fig .  3- T h e  c o m p e t i t i v e  n a t u r e  of a n i o n  i n h i b i t i o n  of i o d i d e  accumL, l a t i o n  in  s h e e p  t h y r o i d  slices.  
D o u b l e  r e c i p r o c a l  ~ !o t s  of  t h e  ~v, ,  ~+~d~ s+~a ~ ' ' . ~  , . ,  s t a t e  i o d i d e  c o n c e n t r a t i o n  in  t h e  s l ice I / r l  l-~!e (ordi-• 
h a t e s )  vs. t h a t  of  t h e  m e d i u m  t / r I0- ~ e (abscissas) .  C o n t r o l  i n d i c a t e s  t h e  a b s e n c e  of i n h i b i t i n g  an ions .  

5. I t  is k n o w n  t h a t  a lbumin ,  and  p robab ly  o ther  proteins,  can b ind  these anions. 
T h e  order  ot affirfities seems to  be similar  to  the  present  series n.  I t  was therefore  
possible t h a t  enough thyrog lobu l in  or o ther  proteins  leaked out  of the  slices to  b ind  
the  anions  and  thus  lower the  concen t ra t ion  of free anions.  A l though  the  chloride 
concen t ra t ion  of t he  m e d i u m  would  t end  to  diminish th is  effect, exper iments  were 
ca r r ied  ou t  to  t e s t  th is  direct ly.  The  largest  g rad ien t  in favor  of the  prote in  compar t -  
m e n t  was z.o5 for iodide and  z.z2 for TcO4-.  Since the  prote in  concent ra t ions  were 

Biochim. Biophys. Acla, 69 ( t963)  .58-67 
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inle~cess (thirty-fold) of w h a t  is usual ly  found in the  med ium unde r  our condit ions,  
iS seems unl ikely t h a t  t he  concen t ra t ions  of free anions  was  signif icantly lowered by  
l~Votein binding.  

l:* seems probable  from t h e  evidence so far avai lable  t h a t  un iva lency  is also 
a~vequirement of the  sys tem.  Sulfate (16.4 ml/mole) and  sulfite (9.5 ml/mole) caused no 
inti ibit ion of iodide concen t ra t ion  a t  2o mM. As these  ions are of small  par t ia l  molal  
ii}nm volume,  decision be tween  va lency  and  size is not  possible in this  system.  How- 
e~el% WO42- (26.3 ml/mole),. MoO42- (29.5 ml/mole) and  S~O32- ( ~ 34 ml/mole),  do 
falll wi th in  t he  size range  of t he  smaller  inh ib i to ry  un iva len t  anions.  None of these  
d iva len t  ions inh ib i ted  iodide t r a n s p o r t  a t  a concen t ra t ion  of 2o raM. 

[~: has been assumed by  m a n y  au thors  t h a t  the  ions s tud ied  here compete  for 
t i e  same si te  on a hypo the t i ca l  carrier.  In  general,  no evidence has  been presen ted  
sazce t h a t  (a) SCN-  -goiter is p r even t ed  by  an  increased iodide in take  ~ and  (b) t h a t  
It-, T.'cO 4- and  ReO4- are  m u t u a l l y  inhibi tory ,  i.e. a n y  one of t h e m  will inhib i t  t he  
tmansport of any  o ther  in to  t h e  thy ro id  a, 4. The  only r igorous demons t r a t i on  for com- 
pet i t ive  inhibi t ion prior  to  th is  s t udy  is t h a t  for SCN-  ion in  vivoaL Similar  cr i ter ia  
(no,inhibit ion,  i.e. t he  same m a x i m u m  capaci ty ,  a t  infinite " s u b s t r a t e "  concent ra t ion)  
lim~e been appl ied  in the  present  in  vitro system. Fig. 3 shows t h a t  in double  reciprocal  
lflbts t h e  OCN-,  NO3-, SCN-,  BF4- ,  ReO 4- and  C10 4- ions inhib i t  iodide t r a n s p o r t  
in~ ~ compeCAtive manner .  Not  depictcd,  b u t  also compet i t ive  inhib i tors  by  th is  
cri terion,  are  t he  Br - ,  NO2-,  SO3F-  and  SCN-  ions. 

COMMENTS 

qIhe concept  of ionic size is an opera t iona l  one which depends  on the  condi t ions  unde r  
~ h i c h  it is measu red  31. Since the  condi t ions  a t  t he  site a t  which thy ro id  t issue concen- 
Imams anions are  unknown ,  we have  a t t e m p t e d  to look a t  several  types  of ion "s izes"  
t ~  find t he  best  correlat ion wi th  a biological t r a n s p o r t  pa ramete r ,  in th is  case t h e  
~ m  or Kt. Sa t i s fac tory  cor respondence  be tween  the  t r anspo r t  p a r a m e t e r  and  size 
is ob ta ined  only when the  l a t t e r  is expressed as the  par t ia l  molal  volume,  ~0, according 
t o  e i ther  MASSON 15 o r  COUTURE AND LAIDLER ~6, bu t  not  wi th  o t h e r  expressions of 
anionic size. The  anions  s tud ied  here  fit a series of increas ing K values :  TcO a- ~< 
C10~7 < ReO4-  < B F , -  < SeCN-  ---~ SO3F-  < S C N -  < I -  < NO a- < N O , -  < 
OCN. ---~ Br- .  Such a series will also describe a n u m b e r  of chemical  proper t ies  of 
these  ions as far as t h e y  have  been s tudied:  (a) t h e  par t i a l  molal  ionic volumes  at  
infinite d i lu t ion (except for SOaF- ,  ReO 4- and  SeCN-  as discussed above) ;  (b) t he  
Etbfmeister series; (c) t h e  h y d r a t i o n  energies, i.e. t h e  Hofmeis ter  series follows the  
inverse order  of t he  hyd ra t i on  energies a2. These  can,  in tu rn ,  be re la ted  to  t h e  ionic 
vadii~;  (d) the  order  of the  se lect iv i ty  coefficients of cer ta in  q u a r t e r n a r y  a m m o n i u m  
ion  exchange resins, which can also be correla ted wi th  the  par t ia l  molal  ionic volumes 
of~ the  exchanging  anions  a4. 

I t  is realized t h a t  th i s  size p a r a m e t e r  includes effects on t h e  solvent  molecules,  
t h a t  th is  re la t ionship  m a y  change  dur ing  t r anspo r t  of t he  anion across the  cell mem-  
brane  (e.g. zolvation by  the  m e m b r a n e  or carrier),  and  t h a t  in ter ionic  effects m a y  no t  
be  negligible a t  a site of concen t ra t ion .  For  example,  MULLINS a5 had  pos tu la ted  t h a t ,  
fo~ cat ions a t  least,  a close f i t t ing pore could replace t h e  hyd ra t i on  of t he  ions, t h e  

Biochim. Biophys. Aeta, 69 (x963) 58--67 



66 j .  W O L F F ,  J .  R. M A U ! ~ Y  

size d e t e r m i n a n t  t h e n  becoming  the  c rys ta l  radius  r a t h e r ~ h a m c b h e ~ ~ : r a ~ u s  
ob ta ined  from c o n d u c t a n c e  da ta .  

I t  m u s t  be emphas i zed  t h a t  while un iva l ency  a~-~d proper~siz~ru~_yb~e~.r~eessax?¢, 
t h e y  are  no t  sufficient condi t ions  for inh ib i to rs  of iodide _ - t - t~a~r t .  [ t ~ t h ~  series 
SOaNH~- ,  SOaF- ,  CHaSO a- a n d  CeH~SOa-, only  S O a F - ~ i s ~ ~ 3 - i / ~ t ~ i ~ i , t o r y  
for I - t r a n s p o r t ,  a n d  i t  is ou t  of line wi th  t h e  r ema in ing  p K ~ i ~ , o ~ ~ _ ~ a ~ m a t e  
{41.4 ml/mole)  a n d  p robab ly  also m e t h a n e  su l fona te  f n t ~ ! ~ ~ ~ ~  ~ - : - -  L~/~ DtLt~ 

and  un i t  charge ,  b u t  ne i the r  c o m p o u n d  (nor p h e n y l s u l f o n a t e , ~ r m l m ~ i n f i ~ n c e d  
iodide t r a n s p o r t  a t  concen t r a t i ons  as h igh  as 30 mM. F ~ , ~ f ~ m m ~ e  
(26.3 ml/mole)  nor  ace t a t e  (40.5 ml/mole)  were  inh ib i to ry  ~ a t ~ c ~ ~ ~ i o n s .  
I t  is of i n t e r e s t  t h a t  t h e  cor re la t ion  b e t w e e n  ~0 and  t h e  se~ecti~3_- c ~ e r ~  on 
nowex~2 for these  t w o  an ions  does not  hold as i t  does f o r : i n ~ t : ~ . ~ : ;  

The  above  cor re la t ion  be tween  p K  a n d  ~0 neglects  s t r n c t m ~  ~ e ~ : l s e t w e e n  
t h e  ions  (Table  I) wh ich  m a y  be ~)f cons iderable  i m p o r t a n c e , ~ ' ~ L t m ~ _ y ~  t h e  
lack of c o n c e n t r a t i o n  of soma of t hem.  Thus ,  i t  has  b e e n - s h o m m r t ~ - - ~ . - s ~ e r i e a !  
ha l ides  B r -  (see ref. x), I -  and  A t -  (see ref. I), and  t h e ~ E a i a ~ d m k l i ~ B E ~ y  (see 
ref. 7), CIO4- (see ref. 7), TcOa-  (see ref. 4), and  ReOa-  (see:~f.44)a~eec~nce~itra~ed 
b y  t h y r o i d  t i s sue  as well as be ing inh ib i to rs  of i o d i d e ~ m a s p o r t A ~ r t ~ _  ~ h a n d  
SCN- ,  a l inear  an ion ,  is no t  c o n c e n t r a t e d  to  a n y  s i g n i f i c a n ~ ~ ~ n , , ~ o u g h  
i t  is a p o t e n t  i nh ib i to r  of iodide t r anspo r t .  T h e  d e t e r m i n a t i o n  0 f ~ L - ~ - - e ~ ~ o n  
will be an  i m p o r t a n t  tes t  of th i s  concep t  of a different  b e ~ v d ~ f 6 o r i i / m ¢ ~  amions. 
W h e t h e r  N O a -  a n d  N O , -  will also fall in to  th is  g roup  r e m a ~ g v t x ~ c d ~ e c n ~ e d .  
I t  is of in te res t  in  th is  regard  t h a t  t he  p l ana r  complexes  o f ~ ~ ~ & ~ u ~ S C N ) ~ -  
a n d  AuCI~-, as well  as t h e  l inear  Au(CN)o-  a re  no t  c o n c e n t r ~  ~li~3xft3_.~-o~itiss~e a~. 
The  role of t h e  shape  of t he  an ions  s tud ied  here  will t h e r e f o r e ~ ~ - s t u d y .  
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