58 T. WINNICK, R. E. WINNIGX, IE‘EDMANN

W E. M. GaL, . A, DREWES AND N. F. Tavior, Avéh. Heedlesm Riophvs., 93 (1961) 1.
15 R. J. WiLLiams, R. E. EAKIN anp E. E. SxELL, ] e (G S0, 62 (1940} 1204.
18 F. LynEN, E. REICHERT AND L. RUEFF, Ann. Chem I.8biss. 573 (T051) I.

7 Y. Avi-Dor AND J. MAGER, Biockem. J., 63 {1955)G53.

3 M. B. CHENOWETH, [J. Pharmacol. Expl. Therap., o7 (ipgm) 385

¥ R. R. Frazer anND F. L. M. PATTISON, Nature, I'76 (I ) 6080

20 R. E. WINNICK AND T. WINNICK, Bull. Soc. Chim. Hisl. yo(1gs$ 172,

21 7. GraFF AND H. D. HoBErRMAN, J. Biol. Ckem., 186 (T050)) 36,

22 A. PiuL aNp P. Fritzson, J. Biol. Chem., 215 (1955) 3465-

*3 C. F. Baxter AND E. RoBERTS, J. Biol. Chem,, 236 (1gf1s) 38

24 D, B. McCormick AND E. E. SNELL, [, Biol. Ckem., 236 gt} zo8s,

5 A, F. DEBONsS AND J. A. PitrMaN, Federation Proc., a1 (o) 3;

28 E. M. GAL AND R. A, PETERS, Biochem. J., 64 (1g36) 251,

BBA 3849
THYROIDAIL TODIPDE THRAXSSFORT

IV. THE ROLE OF I0N SHZE

J. WOLFF anp J. R. BINTHREW

National Institute of Avthritis and Metabolic (R ssemsss. SNaglional [nstitites of Health,
Bethesda, Md. (U>5.4))

{Received July-th, gt

STUMMARY

1. The ability of various anions to xeact wiith tHe indide-transport system of
sheep-thyroid slices has been investigated. Ky, ;anll &y valhes ranged from 3-5-1077 M
to 2:-1072 M to give a series of increasing &K wdime:: Te@) < ClO;- < ReO,~ <
BF~ < SeCN- =~ SO,F- < SCN- < I~ < NQ,; =0, < OCN— =~ Br—.

2. These were compared with the partidl mudldlitonnc welitmes at infinite dilution,
@,, which shows that this series also fdllows @ dlemeasing order of @, (with the
excepdons of ReO,~, SO,F- and SeCN-). A lhimeear malh*iom exisis beiween the pX
values and the partial molal ionic volumes: overdheramgeoff 25-46 ml/mole. Although
the pK's decline with larger volumes, a clear«utt mmimnm: was not observed. No
similar correlation exists between the pK .andwiher Sze: parameters.

3. All of the anions (except TcO, , whidh wass nott tested) were shown te be
competitive inhibitors of iodide transport by Hmille meippmeal plot analysis.

4. The importance of size, univalency :unil dSlsgee fivr anion: transport in thyroid
tissue are briefly discussed in relation to certdin insioall groperties of the ions.

INTROBUCEION

The vole of ionic size in anion transport by *tixroiif] tissare: Bas been suspected ever
since it was found that the Br— ion is concentmtsdi tiv & lesser extent than iodide!.
It was subsequently found that the halide, 73%t—, wass welll concentrated by thyroid

glands®, whereas the smaller ions Cl- and F—wwyremuit. Hihie complex anions of periodic
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THYROIDAL IODIDE TRANSPORT 59

group VIIA, TcO,~ and ReO,~, are also concentrated by thyroid tissue® 4. Certain
other complex anions had been found to inhibit iodide concentration by thyroid
tissue e.g. SCN—, ClIO,~, NO,~ (see ref. 5). It was postulated that this inhibitory
potential was, in some manner, a function of the position of these ions in the Hof-
meister or lyotropic series.

More recently ANBAR et al.® suggested that the mhlbltory properties of the anions
were related to their size. They showed that certain complex anions, BF,~, SO3;F~ and
PO,F,-, chosen for their size, could inhibit iodide transport. Furthermore, ClO -
and BF ;- were shown to be concentrated by thyroid tissue’. Ion sizes were calculated
according to HUCKEL®, apparently as mmltiples of the oxygen or fluorine volumes at
the corners of the body-centered tetrahedra. Such size estimates were not, however,
in agreement with our finding* that TcO,~ and ReO,~, are more avidly concentrated
by thyroid tissue than I-, despite the fact that their volumes would be of approxi-
mately the same size (4-10-2® ¢m®) in the above calculations.

In order to decide what sort of size parameter would best describe the size
requirement of the anion-transporting system of the thyroid, it is necessary to have
some quantitative measure of the anion effects on thyroid tissue. We have, therefore,
measured ‘‘constants’ of the Michaelis type, Ky or K, that describe half-saturation
of the transport system in the steady state, for a number of univalent anions. These
have been comnpared with certain size parameters taken from the literature or de-
termined by us. By far the best correlation between K values and size exists with
partial molal ionic volumes. A preliminary report of these findings has appeared®.

MATERIALS AND METHODS

Analytical reagents were used unless otherwise indicated. KSeCN (Bios) was purified
by acetone extraction at room temperature and crystallization from acetone. Hot
acetone and evaporation under vacuum led to decomposition to free selenium in
our hands. NH, BF,; was made according to BooTH AND REHMAR!. Crude NH, SO F
was obtained from the Chemicals Procurement Laboratories, N.Y. i was purified
by methanol extraction and crystallization from ethanol to yield a product with
a melting point in agreement with the literature (245°). Elemental analysis of the
ammonium salt yielded: found: N, 11.88%; F, 16.36%; S, 27.03 % theoretical:
N, 11.66%; F, 16.229,; S, 27.28 9,

Radioactive iodate was made by oxidation of 25-30 pC of 31— in the absence
or presence of carrier (x5 ug KI) in H,O with Cl, gas. This material was then chroma-
tographedil 2 on Whatman No. 3MM paper by the ascending technique. The position
of the band was identified by brief exposure to X-ray film. The appropriate strip
was cut out, eluted with H,0, and concentrated. The yield was essentially quanti-
tative. Control strips with stable iodate were stained with diphenylamine-H PO,
(see refs. 11-13).

Partial molal ionic volumes were taken from the literature'4, or, when not avail-
able, they were derived from the densities of their solutions determined in Richardson
pycnometers at 25.0°. Volumes at infinite dilution were determined graphically
from a minimum of hve points per curve according to the empirical equatlon of
MassoN15:

D = D, + S/

Biochim. Biophys. Acla, 69 (1963) 58-67
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wilzeee@isthecapparent molal volume; @, is the molal volume extrapolated to infinite
cdEider SSissthe slope; and ¢ is the concentration.

(tieen volimnes were subtracted according to the convention of FAajans AND
JPommssonttt Botassium iodide, NaSCN and NH,SCN were used to check the method
aggamsst vadies:in the literature. Todide ion gave a value of 36.8 ml/mole (literature
18677mblinoléd)and SCN- ion was 41.0 mljmole as compared to 40.6 ml/mole!®, A
Jdd¢saldelidéseription of these data will be veported elsewhere!s.

HeppawkiKy values were determined in sheep thyroid slices by methods previously
Jddesciled??778: The volume of medium was increased to 5 ml to reduce concentration
cthamggesimthie medium at the steady state. Equilibration time for iodide in the anion-
iindiblfeedslee was- checked with SCN- and ClO,~ and was found to be well within the
“ge-rpaonmiininenbation period. K; values were determined at three levels of iodide
samidififrecodinhibiitor. All points were in duplicate so that a single K value was obtained
.gappdadfinfrom 30 flasks on the same tissue. Generally, this procedure was followed
cenféerdifférent: thyroid glands for each compound. It was assumed that the system
Hetbareesassansimaple saturatable system!?. Although this may be too simple a view?29,
rilze A valime~se -obtained are useful for comparative purposes. No corrections were
maaldeféerexctracetiunlar (inulin) space as the gradients (T'/M [X-]) were usually quite
I3agge Mvadimof '0.75 was subtracted from the T/M [X-] for the anion that entered by
“Siifestien) ™ Ky values were obtained from plots of the reciprocal of the steady state
1peidfidecommeenttation in the slice vs. the inhibitor concentration. The K, values were
odirtated] graphically from double reciprocal plots as previously described?'?. The
rmeetiaddswere: fixst applied to thyroidal transport problems by WoLLman?2t,

Thbo chieek: for protein binding of anions in the medium, slices were incubated
mmideridéetical conditions but with a tissue concentration thirty-fold that usually
~enpbboedd (§; g slices/x0 ml medium). After go min the medium was centrifuged to
reenmovee cedlis The calculated protein concentration (on the basis of thyroglobulin)
weasIE8ssmgiml: This solution was dialyzed against either 3-10*M I~ or 4-10" M
TE€L}; ({im Ringer solution) at 4° with internal and external stirring. Similar experi-
meratsswereccarried out with a 59 solution of ‘‘pure’ beef thyroglobulin (95% 19-S

ifeatidmnaamds9% 25-S fraction). With the membranes used, > 999% equilibration had
oecraredlin2=-3 k.

RESULTS AND DISCUSSION

THeamatmecofithe curves obtained by plotting the reciprocal of the iodide ion concen-
rizaidmpreseatin the slices when the steady state is attained against the concentration
odf inilitorrused is shown in Fig. 1. lodide values are calculated from the concen-
ttoatdmn ofi{ 13211 added and the fraction of radioactivity remaining in solution when
eq;nﬁhﬂ:inmlm occurred (go-100 min). It was assumed that the isdide coniributed
Heed 'slice was not important at the iodide concentrations used. Preliminary
rimg the 27— released into the medium?? suggest this to be the case.
Mmfémth of the experiments the data obtained did not yield lines satisfactory
forreeippoeal plot analysis. The deviations of the points did not show any consistent
mh«mer and the reason for this is, at present, unexplained. Such data were
mostisedd.

iInThkibé- L are listed the Ky, values for I-, TcO,~ and ReO,—, taken from our

Riochim. Biophys. Acta, 69 (1963) 58-67



THYROIDAL IODIDE TRANSPORT (5T 4

previous work?:1?, as well as K values for iodide transport of the several.amass
‘chosen for this study because of their size. It is apparent that the range ofthbesc
“constants’’ extends over nearly five orders of magnitude, the smaller anionsihsingy
larger constants than most of the large, tétrahedral ions. Of interest is thefindingrithat
for ReO,~, the K, value, using %Re was identical to a K, value determined.aginst
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Fig. 1. The efiect of various anions on the accumulation of intrathyroidal iodide.. Pletsiarobi

the reciprocal of the corrected iodide concentration in the slice in the steady state r/T1; maraws.

the concentration of inhibiting anion. Curves for three different steady state concentratinas b
iodide in the medium are given. Their intersection determines the K value.

iodide ion (Table I). These values agree well with the ¢n vivo findings: Br-idomigs
poorly concentrated!, NO,;~ is a poor inhibitor, whereas Cl0O,~ has been fanxdraobee
very potent5. They are in satisfactory agreement also with the concentrationseqemirdd
for 509% inhibition of iodide accumulation in the choroid plexus of rabbis®3 . qg.
ClO,~, 2-10%M; BF,~, 3-10%M; SCN-, 3:107*M and NO,~, 3:10°%M ;aammdisn
mouse salivary glands: ClO,l , 2°107%M; I-, 3-1075M; and SCN-, 3::0~3M(4sec
ref. 24). The SCN~ values should also be compared with a K; of 6+10-%M bbiiindd
by WoLLMAN in the thyroids of intact mice?:. The slight discrepancy cangprbhbbiv
be explained, at least in part, by binding of SCN~ to serum proteins i ihenntatct
animals. When the Ky or K, values are plotted (as the pK'’s) vs. the partihlnmitdhl
ionic volumes, @,, of the anions, a highly significant correlation was obtained fgg23).
The maximum pK value was near 3-10-7 M with TcQ,~. Since technetivm:eidstsainy
in the radioactive form it was not practical to obtain a partial :molal-volhmaeidor
TcO,4-, and we have used the mean between the MnO,~ and ReO,~ valumes \Wiheber

Biochim. Biophys. Acta, 69 {39631:38667
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there is a decline in the pK :as tthe mrattid] melikl ionic volumes exceed 46 ml/mole
(as suggested by ReO,, SO{F—ant %€ }) couldinot be adequately tested for lack
of anions of suitable volume. The ddicorgpartt results with SO,F— are unexplained at
present. Similarly, a ‘“minimum'sizeiisdifffoulti to obtain because the concentrations
required are so large as to demani]lddbetionadialirge fraction of Cl1- from the medium
to maintain osmolarity. Non-spetific efffedtts woulid! thus be likely to occur.

Table I also lists various athersSize prammeters: Im addition to the partial molal
ionic volumes, we have listed, ifor ccomppartsem . thie volumes given by ANBAR et al.b,
relative hydrated sizes from:centhuttanee mexsurements?s, and the “‘effective’” radii
as calculated by CouTURE anD [Lvlniesé®. Neither the values calculated according
to HUCKEL nor those obtained ‘from Hihedfic measurements show a comparable corre-
lation with the Kn or K; values. Thisisiimanmitrastito anion permeability as exhibited,
for example, in cat neurones? wherecooredittoomwith kinetic radit is found. It is clear,
however, that the empirical -equatfion diawdbpedl by C.-UTURE AND LAIDLER?8, which
is based on the number of ligantsuanid thee ‘&fféetive’” radius (sum of the bond length
and Van der Waals radius of - oxygern), widihswoltumes that show close correlation with
most of the partial molal ionic wilomess didtrmined: experimentally and hence also
with the Ky, or K; values.

I't should be pointed outrthat tthe ), wadiies- were measured at 25° whereas Ky, or
K values were obtained at 37-38°. ¥stiiveamibm volumes show considerable tempera-
ture dependence not directly rélatetl tiottee valiies-of @,14, it might be supposed that
the order of sizes differs at 37 °. [Thedi@ ¢l isimthe order Cl10,~ > NO,;~ > I~ > Br-
but amounts to only 0.5~1.5 1dl/mdle tlortHisctemperature difference, hence the order
of Table I or Fig. z would notibeiintfhsorast.

There are several uncertaimtiesiin thiveeedidta that deal with (a) possible decompo-
sition of the anions in our -system, aand] (1)) gussible binding of ions by protein that
has leaked out of the slices. Bathdf tHlesee woulill tend. to lower the concentration of
anion and hence give falsely thigh &K vadimess.

1. The possibility that BF,—or 8O wers-inhibitory on the basis of hydrolysis
to F- icn could not be entirély dssomntesH Wia thHerefore measured the effect of F—
on iodide transport in the sheeprihivrnillsdliee THere was no significant effect on iodide
transport with medium F- levélsasigthass 13-m0~%M. Thus the inhibitory effects of
these ions cannot be accounted ffor thy theeirgatential content of F- even if complete
hydrolysis occurred. It has beenmrqpottetititatt the brea’ Jown of B®¥F - is negligible?.

Z. WYNGAARDEN ¢’ al.® reputtet] tisdtt X0}~ was an effective inhibitor of iodide
accumulation and also stimuiated dssdlsapze off iodide from the gland. We therefore
tested the accumulation of ‘13¥[();~ tin stleeyp thywnid slices. While considerable radio-
activity did accumulate in the s$lives giiding: 2an agparent, though somewhat skewed,
saturation curve, it was founil tthst all tiee radioactivity in the thyroid behaved
chromatographically'—1? like :ielile. TlHuere was: no iodate. In the medium different
proportions of the radicactivity weere im tiee fomm: of iodate or iodide, depending on
the initial concentration of liedete zaiitbell. Fit seemns- likely, therefore, that icdate is
reduced (as also shown by (LEBRDND aawp HiE¥}} and!that: the accumulation of radio-
activity of 10—, and probablyiitsindlithtorw efféat as well; result from the iodide so
formed.

3. Chlorate and bromate \weere ifthliliittuyy ffur I~ transport with 50 % points in
the range of 10~3-10~¢ M. ‘We wweare unuiilie th) obitain: reproducible results, and high

Riochim. Biophys. Acta, 69 (1963) 58-67
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levels caused oxidation of the tissue pigments. From their oxidation potentials,
which are higher than those of IO, (seeref. 28), they would not be expected to persist;
however, we were unable to prove that they were reduced because our chromato-
graphic techniques were not sensitive enough!t-13. The fact that other strong oxidizing
agents, such as Cr,0,2~ or CrO,2-, were strongly inhibitory suggests that the effect
of ClO;~ or BrO;~ may be non-specific. We find it difficult, however, to explain the
inhibition in vivo reported for ClO,~ (see ref. 5).

4. A certain degree of uncertainty applies to NO,~ and OCN-. The former was
slightly less active than NO;~ but as there was obvious interaction with the pigment
of the slices, it may be that the effective concentration differed from the stated one.
Sodium cyanate inhibited 50% at 1—z-1072 M, but the odor of HCN was easily
detected in this system, and no accuracy can be claimed for these determinations.
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Fig. 3. The competitive nature of anion inhibition of iodide accumulation in sheep thyroid slices.
Double reciprocal plots of the corrected steady state iodide concentration in the slice 1/71;~ g {(ordi-
nates) vs. that of the medium 1/ I, & (abscissas). Control indicates the absence of inhibiting anions.

5. It is known that albumin, and probably other proteins, can bind these anions.
The order ot affinities seems to be similar to the present series®. It was therefore
possible that enough thyroglobulin or other proteins leaked out of the slices to bind
the anions and thus lower the concentration of free anions. Although the chloride
concentration of the medium would tend to diminish this effect, experiments were
carried out to test this directly. The largest gradient in favor of the protein compart-
ment was 1.05 for iodide and 1.12 for TcO,~. Since the protein concentrations were

Biochim. Biophkvs. Acia, 69 (1963} 58-67
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imexcess (thirty-fold) of what is usually found in the medium under our conditions,
it seems unlikely that the concentrations of free anions was significantly lowered by
protein binding.

It seems probable from the evidence so far available that univalency is also
arequirement of the system. Sulfate (16.4 ml/mole) and sulfite (g.5 ml/mole) caused no
inhibition of iodide concentration at zo mM. As these ions are of small partial molal
ionic volume, decision between valency and size is not possible in this system. How-
ever, WO ,2- (26.3 ml/mole), MoO4%~ (29.5 ml/mole) and S,042~ ( ~ 34 ml/mole), do
falll within the size range of the smaller inhibitory univalent anions. None of these
dizalent ions inhibited iodide transport at a concentration of 20 mM.

It has been assumed by many authors that the ions studied here compete for
the same site on a hypothetical carrier. In general, no evidence has been presented
save that (a) SCN— -goiter is prevented by an increased iodide intake® and (b) that
B, TcO,~ and ReO,~ are mutually inhibitory, 7.e. any one of them will inhibit the
transport of any other into the thyroid? 4. The only rigorous demonstration for com-
petitive inhibition pricr to this study is that for SCN- ion in vive?!. Similar criteria
(mo-inhibition, 7.e. the same maximum capacity, at infinite ‘‘substrate’’ concentration)
heve been applied in the present ¢a vitro system. Fig. 3 shows that in double reciprocal
pibts the OCN-, NOy~, SCN-, BF—, ReO,~ and ClO,~ ions inhibit iodide transport
in: a. competitive manner. Not depicted, but also coinpetitive inhibitors by this
eriterion, are the Br—, NO,~, SO~ and SCN- icns.

COMMENTS

The concept of ionic size is an operational one which depends on the conditions under
which it is measured®!. Since the conditions at the site at which thyroid tissue concen-
trates anions are unknown, we have attempted to look at several types of ion “‘sizes’
to: find the best correlation with a biological transport parameter, in this case the
Ky or K. Satisfactory correspondence between the transport parameter and size
isobtained only when the latter is expressed as the partial molal volume, @,, according
to either Massox!® or COUTURE AND LAIDLER2, but not with other expressions of
anionic size. The anions studied here fit a series of increasing K values: TcO~
Cly- < ReOy~ << BF;~ < SeCN- =~ SO, F- < SCN- < I <« NOg~ << NO,~ <
OCEN~ == Br—. Such a series will also describe a number of chemical properties of
tliese ions as far as they have been studied: (a) the partial molal ionic volumes at
infinite dilution (except for SO,F—, ReO,~ and SeCN- as discussed above); (b} the
Hofmeister series; (c) the hydration energies, 7.e. the Hofmeister series follows the
inverse order of the hydration energies3?. These can, in turn, be related to the ionic
radii®; (d) the order of the selectivity coefficients of certain quarternary ammonium
ion exchange resins, which can also be correlated with the partial molal ionic volumes
ofi the exchanging anions®.

It is realized that this size parameter includes effects on the solvent molecules,
thiat this relationship may change during transport of the anion across the cell mem-
brane (e.g. solvation by the membrane or carrier), and that interionic effects may not
be negligible at a site of concentration. For example, MULLINS® had postulated that,
fop cations at least, a close fitting pore could replace the hydration of the ions, the

Biochim. Biophys. Acta, 69 (1963) 58-67
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size determinant then becoming the crystal radius rather-than chselivdiated ! radius
obtained from conductance data.

It must be emphasized that while univalency and proper-sizermza Hecrrecessary,
they are not sufficient conditions for inhibitors of icdide -tramspert. [In the series
SO,NH,~, SO F-, CH3$0 and CcH.SO;-, only SO F-is- s%mkamm\ mknbptorv
for I-transport, and it is out of line with the remaining pK-&i;rédateenih
(41.4 ml/mole) and probably also methane sulfonate fulfll b@th*ﬁawu i@ of size
and unit charge, but neither compound (nor plienylsulfonate, reGmilfiddes} inffaenced
iodide transport at concentrations as high as 30 mM. Furthermore, rmetiter: formate
{26.3 ml/mole) nor acetate (40.5 ml/mole) were inhibitory attlzeee comeemtrations.
It is of interest that the correlation between @, and the -sélectivity coefficients on
Dowex-z for these two anions does not hold as it does for inorgastcianyesis:

The above correlation between pK and @, neglects structura! diffeerces-between
the ions (Table I) which may be of considerable impertance, :asid rmaay explain the
lack of concentration of som=2 of them. Thus, it has been -shown thizst this- spherical
halides Br— (see ref. 1), I- and At~ (see ref. 1), and the tetraheiindlioms-BE;- (see
ref. 7), ClO4~ (see ref. 7), TcO,~ (see ref. 4), and ReO, (seerref. y)agrecomeentrated
by thyroid tissue as well as being inhibitors of iodide transpert. #inthiecother hand
SCN-, a linear anion, is not concentrated to any significant exten®®®% ceer though
it is a potent inhibitor of iodide transport. The determination: of B€TN—comeemtration
will be an important test of this concept of a different bébavier iber limeer: amions.
Whether NO,~ and NO,~ will also fall into this group remsains rto bee déternmined.
It is of interest in this regard that the planar complexes of trivademtgaddtl Mg{SCN) ,—
and AuCl,-, as well as the linear Au{CN),~, are not concentratekl il tivwoid tissuze®.
The role of the shape of the anions studied here will thereforeregurectfirtherstudy.
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