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ABSTRACT

The properÈies of the L-thyroxine (T4 ) 5r-deiodinase

enzyme rere sÈudied in the liver of Èhe rainbon trout, Sa 1mo

gairdneri, by incubating su bce1l u lar f rac t ions ri th

red i oiodi na ted thyroxine ( ¡ÈT4 ) and carrier T4. Any

radioiodide (*I-) g,eneraÈed fron 'rT4 by deiodination vas

separated from the reaction Eix¿ure on G-25 Sephadex

ninicolunns and counÈed. Deiodination vas expressed'as

pmol T4 converted . ¡-I - ng protein-1.

The enzyme has been tentaÈively loca 1i zed in ¡he

endoplasruic ret icu 1uE of the hepatic nicrosone fracÈion.

Enzyne activity depended on exogenous thiols such as

dithj.othreitol (DTT) and increased linearly uiÈh incubation

t ine and protein concentration. 0ptinun recorded pH vas 7.0.

G-25 Sephadex chroEatogra phy of the rnicrosonal fraction

incubated vith *T4 shor¡ed equal production of radioiodinat.ed

ÈriiodoÈhyronine (*T3) and *I- rdith no reverse T3 or

conj uga t ed iodoÈhyronines. The *T3 deiodination raÈe nas 3Z

of the '*T4 de Íod i nat ion rale.

Kn and Vnax values of fed fish vere 1.9 x 10-7 M and

3.4 pnol T4 converÈed . h-1 . ng protein-1 .""p""tive1y.

Several potenÈial enzy¡¡e activators and inhibitors uere

tested. Delodination rras unaffected by reduced 8Iut8Èhione
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ABSTRACT (continued)

(GSH) but nas enhanced vith dianide, an inhibitor of

per i phe ra I de i od l nat ion in namnals, and yith the chelating

agents EDTA and EGTA. P r o p y 1 t h i o u r a c i 1 (PTU) and N-ethy1

naleinide, inh i bi tor s thaÈ bind to sulfhydryl groups,

depressed de iod inat ion suggesting thst enzyEe sulfhydryls are

involved in the react.ion nechanisn.

Deiodinase activity was significantly lower (p(0.01) in

the livers of fish starved for 14 days than in fed f ish.
Kinetic paraDeters Km and Vnax and overal1 enzy¡¡e efficiency
vere also depressed in starved fish.

IÈ is concluded that, as in namroals, there is an hepatic

nicrosonal T4 5 r-deiodinase that depends on pH, enzyme

concentration, and incubatíon t ine. Enzyne acÈivity is
enhanced by exogenous DTT and inhibÍted by PTU and N-ethyl

naleinide. However, in contrast to nannals, GSH inhibits
ra t her thân activates the hepatic Èrout enzyne and T4

deiodination terninaÈes with the pr oduc t ion of T3; thus, a

sequential deiodinaÈion pathlfay Ís not present in rainbov

trout.
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INTRODUCTION

In the rDammal ian thyroida 1 system' the two principal

lodothyronines, thyroxine (T4) and 3 , 5 , 3 I - t r i i o d o È h y r o n i n e

(T3), are released from the thyroid afte r endoc ytosi s of the

colloid by fo 11icular cells (Fig. 1). ThyroÍd stir0ulating

hormone (TSH) acts on the fol l icu 1ar ce11s with Èhe neÈ

ef fec t of increasing T4 and T3 secretion fron the gland ( Fig.

2). In t.he brook trout, T4 is released fron the thyroid upon

TSH stimulation although it ís possíb1e that T3. secretion

also occurs (Chan and Ea1es, 1975).

Essentially all of the T4 (99.957.) and T3 (99.77.) in

mam¡nal.ian plasma exists in the bound f orro associated with

thyr oxine-bi nd i ng g lobul in (TBG) ' t h y r o x i n e - b i n d i n g

prealbumín (TBPA) and albumín (Refetoff, 1979). The pattern

of plasma protein bind ing in !he trout. is similar to namma 1s I .

Tr i i odothy roni ne binds less sLrongly than T4 Èo the TBPA

frâction but there is a smaller percentage of f ree

T3 (FT3) and larger percentage of free T4 (FT4) in the blood

(0.12 FT3, O.27. FT4) (Ea1es, 1979a; Eales and Shostak' 1985).

Free T4 enÈers the Èissues and undergoes enzyr0aÈíc

deiodination and the resu 1t Íng T3 returns to Èhe circulation

in v¡hich it is tran spor ted to the target tissues. Surks g!

a1. (1973) estinated that in humans 437 of the daily T4

production is peripherally deiodinated to T3. The extensive

peripheral conversion of T4 to T3 and the 4 to 10 times
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Figure 1. Tetraiodo-L-thyroni.ne (T4) and triiodo-L-thyroninê
(r3).
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Figure 2. Hypothalanic-pituitary-thyroid axis in naonals.
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greater Èhyroid hormone receptor aff ini ty for T3 than for T4

suggest that T4 acts as a prohormone while T3 is the active

form of the hornone (DeGroot, 1979).

Several enzyEes are involved in caÈalyzing the rernoval

of iodine from the inner and ouÈer ring of iodothyronines.

This sequential deiodínaÈion ultirnately results in the

production of thyronine (T0) (Fig. 3). Thyroxine

5 r -d e íod ína se, for example, catalyzes Èhe removal of iod ine

from Èhe 5r-posítion on T4 to yield T3. The enzyrne is
nenbrane-bound and locaÈed in the endoplasmic reÈiculun

(ER) and plasma membrane of liver and kidney respecÈive1y

(Chiraseveenuprapund eÈ a1. , 1978; Leonard and Rosenberg,

1978a; Fekkes et a1., 1,979; MacieI et a1., 7979). ThÍo1

compounds for example, dithÍothreitol (DTT), act as a

cosubstrate for thi s reaction which proceeds via a

bisubstrate nechanisn (Visser , 7979; Leonard and Rosenberg,

1980). PropylthiouraciL (PTU) is a potent inhibitor of

5 r -deiodinatíon both in vivo ( S 11va et a1., 1984 ) and in

vít.ro (Visser, 1979).

À second type of mammalian 5r-deiodinase is

PTU-insensitive, requi res high concentrat ions of exogenous

thiols for activity and exhi bi t s sequentiaL reaction kinetics
(Visser et a1., 1981 ,7982,1 983). Brown aclipose Èissue (BÁT),

cerebral cortex, pítuitary, and recently placenta are

documented locations for thÍs enzyne ( Kaplan, 1980; Leonard

et a1., 1983; Kaplan and Shav, I984).



7

Figure 3. Sequential de iod inati on of thyroxine to thyronine.
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Inner-ring deiod ina tion ( IRD) of T4 vla 5-deiodinase

resu 1t s in the production of the non-thyronimeÈic reverse T3

( rT3 ) .

TrouÈ liver and kidney possess significant

5 r -deiodinating activity (Leatherland, 1981; Pinlott ancl

Ea1es, f983) . Thiouracils such as PTU inhibit Èhe hepaÈic

enzyne and DTT enhances deiodinatÍon in a dose dependent

manner (Eales et a1., 1984). However, Èhe peripheral.

dei od inaÈ ion of thyroid hornones di ffer s f rorn that in the

roammalian sysÈem in at least two respects. Triiodothyronine

appears !o be the only deiodinatÍon product formed 3 reverse

T3 and subsequent deiod ina È ion produc t s have not been

detected eiÈher in trouÈ plasna or liver honogenates (Ea1es

et a1., 1983; PimloÈt and Eales, 1983 ) . The percentage of T4

deiodinated to T3 is greater in trout than namnals (human),

Eales in 1977 calculaÈed from in vivo experinenÈs that 592 to

697. of. injecÈed T4 is deiodínated to T3 conpared to the hunan

value of 432 (Surks et a1., 1973).

The objective of ÈhÍs thesis has been Èo examine Èhe T4

5t-deiodinase in the liver of Salmo eairdneri. This enzyme

is sÈra tegical ly inportant in trout because iÈ catalyzes Èhe

conversion of the prohormone T4 Èo the active T3 hormone.

DeiodinatÍon, therefore, represents activation of Èhe end

products of Èhe Èhyroid systen. Previous studies in thls

laboratory ( Pinl oÈ t and EaLes, 1983; Eal,es et a1. , 1984 )

have focused on Èhe supernatant f ro¡o liver vhole homogenate.
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I hoped to exÈend information from these experirnents to

lnclude Èhe subcellular location of the enzyme and s ome

aspecÈs of enzyne regulaÈion. Inl t ia1 work involved

optimizing the assay wlth regard to pH, time, and dependence

on concentration of thiol ând enzyEe . KineÈic parameters Kn

and Vnax were caLculated by varying the carrier T4

concentration in incubates from isolated nicrosomes. Various

enzyrDe nod i fy ing agenÈs, both inhibitors and act Íva tor s were

then Èest.ed to characÈerÍze Èhe enzyne further. Fina11y, the

ef fect of starvatíon on 5 r -de i od ina t ion was examined by the

use of 1i ver s i solat ed f rorn starved and fed Èrout. From the

above studie s a coaparÍson has been made beÈween the Èrou!

and nammal T4 de iod i na t ing syster0s.
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LITERATURE REV]EW

The thyroid g land is believed to be the excL us ive source

for plasma T4. T3 may be boÈh secreÈed by the thyroid and

converted from T4 by extrathyroidal deiodinaÈion. It is
estimated that in man 802 of circulating T3 arises f rorn !he

reductÍve monodeiodinatíon of T4 wi th thyroidâ1 T3 secretion
acc ount i ng for Èhe remâining 202 (Engler and Burger, 1994).

In thi s review I wi 11 summarize Èhe pertinent 1iÈerature on

deiodination in marnma 1s and other vertebrate groups Íncluding
an overvieh' of T4 5i-deiodination in fish.
A. DeiodÍnation in mammals.

1. Sequential d ei od inat ion to TO.

T4 can be thought of as the starting nolecule in the

sequential deiodination of iodothyronines. Iodine can be

removed from Èhe 5r (outer-ring) or 5 ( inner-ring) positíons
of T4 prod uc ing T3 and rT3 respectively. These nolecules are

in turn deiodinated Ín a series of enzyrnatic reactions to
diiodothyronines (T2), nonoiodo rhyronine s (T1), and finally
thyronine (T0). There are marked similarities among all the

enzymes caÈalyzing outer-ring deiodination ( both 3r and 5r).
The possibility exists, therefore, that a single enzyne mây

be responsible for removal of iodine in the phenoLic ring of
ÍodoÈhyronines. Hovever, two T2 5 t -deiodinases catalyzing the

conversion of 3r r5r-T2 to 3t-T1 have been isolated by

Sma 11ri d ge et a1 .(1981) lendÍng support Èo a multi-enzyme
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deiodÍnation cascade. Until all the enzymes have been

isolated and purified, iÈ is probably best to assune that
deiodination of iod othy ron i nes proceeds via separate enzymes

as represented in Fig. 3,

2. Type I T4 5r-deiodinase.

Rat liver and kidney have been the organs of choi ce f or

sÈud yinB outer-ring (5t-deiodination) in nammals

(Chiraseveenuprepund et a1. , 7978; Leonard and Rosenberg,

1978b; Visser et a1,, 7978; Fekkes er a1., 7979; Maciel et

aI . , 7979; Yoshida et a1. , 1983). The highest overall enzyme

activity is found in Èhese tissues wi th the kidney exhibiting
a specific activiÈy 1.5 Èo 2 tines that of liver (Ferguson

and Jennings, 1983 ) . 0ther tissues in the rat have a 1so been

examined Ínc 1ud ing heart, thyroid, pituítary, and brain
(RabinowÍtz and Hercker, 797I; Erikson et a1., 1980; Kaplan,

1980; Visser et â1., 19 81 ,1992). Studies of 5r-deiodinatÍon

have invoLved a cros s-s ec t i on of manmalían species. For

example, bovine l iver was used as ân enzyme source f or

purifÍcation sÈudies (Kõhr1e et al. , 1980). The rnechanisr¡ of

dÍminished T3 production in the fetus was investigated in
sheep ( Chopra, 1978) and deiodinase actÍvity has al so been

examined in the human thyroid (Ishii et al-., 1982).

It is gene ra11y believed that the hepatic 5r-deiodinase

is a rnembrane-bound enzyme of t.he ER, Fekkes et a1. (1979),

usi ng discontinous grad i ent cen Èr i fugat ion to separate the

subce 11u 1ar fractlons, found thât deiodinase activity
correlated posítlvely vi th glucose-6-phosphatase, an ER
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narker (r>0.9S) snd negatively with t.he ptasma rnenbrane

marker 5r-nucleotidase ( -0.88(r (-0.97 ) . Using sini Lar

techniques, Maciel and coworkers ( I979 ) c onc luded that
the 5 t -dei od ina se is l ocat ed in the plasrna nembrane of rat
1iver. This l oca t ion ì{ould allow delivery of T3 to the

nuc lear recept or without the entry of T4 into the cytopLasm.

There is a large body of literature, however, (Auf dem Br i nke

et a1., 1979; Takaishi eÈ a1,, l97g; Heinen er al., 19gO;

Fekkes et a1. , 1982a) !hat conÈradicÈs Macíe1 and subsequent

vork on rat l iver has assumed the enzyme to be located in the

ER.

The rat kidney I s 5 r-deÍodinase, in contrast to the

Liver I s, appea r s to resi de in the plasma nembrane

(Leonard and Rosenberg, 1978a). Recent experinenÈs on

perfirsed kid ney have demonstrated high T4 uptake and

deiodinaÈion on the contralumi na1 rnembrane of Èhe renal
tubu 1e (Ferguson and Jennings, 1983). In brain, the highest
5r-deiodinase is found in the purified plasrna rnembrane

fraction (Leonard et a1. , 1982). I'ina11y, rat liver and

ki d ney 1-ysosomes d eiod i nate T4 or rT3 , the enzyne having a

marked preference for rT3 ( Colquhoun and Thomson, 1984).

Solubilization or detergent emul si fÍ cat ion of the enzyme

has been attemped in several laboratories ( Powe11 et a1.,
1982; Fekkes et a1. , 1983; Mo1 et a1. , 1983). ExÈracÈion of

the 5 r -d eiod inase fron the membrane involves a nulti-step
procedure. Spectfic activíty of Èhe recovered enzyne is 2 to
580 times the 1evel measured in the ni crosomal ner¡brane
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(Fekkes et a1., 1980; Powell. et a1. , lggl). Molecular mass

estinates for Èhe enzyne vary between 60 Kdaltons and 65

Idaltons (Köhrle eÈ a1., l98O; Mo1 er a1., 1983). Affiniry
J.abelling r¿ith N-bromoacetyl-3,3r-5-triiodothyronÍne, 6n

inhÍbitor that selectiveLy car boxymethy 1a Èes catalytic SH

groups ' indicates Èhat the enzyme is conposed of two subunits
(Mo1 et a1,, 1984). The ligand binding si Èe has been

tentatively described by the use of T4 and rT3 analogs. The

enzyme prefers negatively charged s íde chains and bulky
substituents ín the 3 and /or 5 posÍtion to decrease rotation
of the aroEatic rings; it doe s not require iodine Èo be

present in the 3t or 5t position for analog inhibition
( Kôhr 1e et a1., 1984 ) ,

3. Mechanism of Èype I T4 5r-deiodinase.

The removal of iodine from Èhe 5r-position of T4 and rT3

follows a ping-pong mechani sm characterÍzecl by the

transiodination and reduction of the sulfenyl iodide enzyl¡e

inÈermediate by a rhiol cofac t or ( FÍg. 4) (Visse r, 1979;

Leonard and Rosenberg, 1980) . The nature of the enzyEe

nechanism is determined by exanination of recÍprocal plots of
lnitial rate data. If the graph of velocity-1 versus
substrate- J in the presence of increasing exogenous thÍoI is
a ser ies of para11e1 1ínes, the reac t ion ís said to fo11ow

the ping-pong mechanism ( Goswami and Rosenberg, l9g4).
0zawa (1981) proposed a direcÈ interactÍon between

thlols and the thyroxine molecule. When T4 r,¡as preincubated
with DTT, deiodinaÈlon was narked 1y enhanced, possibly by
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Fi gu re 4. Bisubstrate or ping-pong nechanisn of thyroxine

n o n o d e i o d i n a t i ô n (after Visser , 1979). RSH = one

nolecule of DTT or tvo nolecules of GSH.
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the donatÍon of el.ectrons to the phenolic ri ng of the

nolecule (0zawa et a1. , 1981) . This hypothesis has since

been discounted in favor of a cosubstrate role for thiol
compounds ( Shu lkin et a1., 1983),

Apparent Km values for T4 in the 1lver and ki d ney vary

betveen 0.9 ¡M and 5 ¡M (Hüfner eÈ a1., 7977;

Chiraseveenuprapund et a1. , 1978; Ferguson and Jennings,

1983; GoswamÍ and Rosenberg, 1984 ) . The apparent Km for rT3

is 10 times lower than the Km neasured with T4 as a

su bs trate or in other words, rT3 is kÍnetically favored over

T4 (Visser et a1. , Ig82; Goswami and Rosenberg, I984).

4. Identity of the endogenous enzyme cosubstraÈe.

fnairs gr oup ín 1980 suggested GSH rnay be the cofactor
for T4 to T3 converslon. They observed that enhancement of T4

dei od ina t ion was sa turat ed with ni11Ímolar amounts of GSH

co r re spond i ng Èo the physiological concentratÍon in the

liver. They conclud ed tha t previous investigators had been

una b 1e to not.ice ap prec iab 1e enhancement wÍth GSH because

they vere adding to a sy st en al read y saturâted with Èhe thlol
( Imai et a1., 1980).

Sato and Robbins (1981) contradictecl Inaits work with
resul t s obtained fron cultured rat hepatocyÈes. When

hepatocytes ¡rere grown in a cystine-and/or methionine-

def i cient medium, t otal cel lular GSH contenÈ decreased to
1e ss than 707, of. control with no decline in deiodination.

GSH is formed by the reducÈion of GSSG by glutaÈhione

reductase, an NADPH-d ependent enzyrDe. NADPH is itself reduced
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fron NADP via the pentose phosphate paÈhwa y (Sato et a1.,
f983). Sato eÈ a1. ( 1982 ) found grearer enzyme actívation
with NADPH than wiÈh GSH and found thaÈ NADpH is !¡ore rare
limi È ing Èhan GSH in nodu 1a t ing T4 to T3 conversion during
Eaturation. 0n the strengÈh of these results, Sato and

coworkers suggest thaÈ NADPH Ís in facÈ the endogenous

cofacÈor that Ínteracts directly vith enzyne Èhiol s rather
than being simply a red u c ing agenÈ for the putative
endogenous cofactor GSH.

Dihydrol i poamÍ de is a natural l y occurring dÍthio1 wi th 6

Èo 10 times the poÈency of DTT in enhanclng 5t-deiodlnation
in raÈ kidney ( Go swami and Rosenberg, 1983 ) . However, this
compound Ís found only in Èhe miÈochondria, and Ís therf ore

prevented access to enzyme bound to the pJ-asrna membrane.

5, Type Il T4 5r-deiodinase.

There is a second 5 t -deiodinase designated as Èype II or

PTU-insensiÈive. Most of the research has cenÈered on Èhe

brain and an ter ior pÍ tui tary but recen!1y pJ.acenta, brown

adipose tissue, and kidney have al so been examined as

additional enzyne source6 (Kap1an, 1980; Kaplan and yaskoskÍ,

1981; Visser eÈ a1. , 7982; Leonard er a1., 1983; Goswani and

Rosenberg, 1984; Raplan and Shaw, 1984). Unlike the type I
5 | -d eÍod inase previously described, type II exhibits
sequenÈia1 reacÈion kineÈics (Visser et a1., 1983). Thio1,

iodoÈhyronine, and enzyme form a conplex. The reaction
proceeds by a series of inÈermediaÈe st eps and concludes wiÈh

the release of the deiodinaÈed hornone, oxidized thio1, and
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regenerated enzynìe. The relative PTU-insensitívity of the

Èype lI enzyne reflec t s a lack of parÈicipation of sulf hydryl
groups Ín the mechanism (Visser et a1., 1983). Rn values for
rT3 and T4 are three orders of magnitude lower for the

type II than for Èhe type I in the liver and kidney. T4 Ís
the preferred su bst rate for the type II enzyme 3 the apparent

Xm for T4 is approximately one ha 1f the Km for rT3 (Visser et

a1., 1981,1982).

6. Contribution of t ype I and type II deiodination to the

inÈrace 11u1ar T3 pools,

In the pi tui Èary and brain, any T3 produced by

5r-deiodinaÈion is either metabolized as T3 or deiodinated

furhfer. Int rac el- 1u1ar T4 to T3 conversion conÈributes 5O7. of.

the nuclear T3 with the remaining 502 arising from the plasma

( Scha i son et a1., 1984). Nuclear T3 in Èhe pituitary,
therefore, comes from two processes: transpor! of plasma T3

int o the ce11 and t rans port of p1-asma T4 with subsequent

intracellulâr conversion to T3. A dual T3 source explains why

TSH secretion from the pi tui tary which depend s on the level
of T3 present, is a function of bot.h T4 and T3 level.s in the

bl-ood.

Type I deiodination is most active in Èhe brain of

euthyroid animals. However, under conditions of shorÈ-term

hypoÈhyroidism type Il acÈivity increases and type I activity
dec l ines . This switch from type I ( high Knr) to Èype II (1ow

Kn) faci 1i ta tes optinal occupancy of bra in nuc lear recepÈors

in Èhe face of decl-ining c i rcu lating hormone 1evels (Visser
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et al, , 1982).

7. ContribuÈion of type II 5 | -deiod ina se Èo círculating
T3 1eve1s.

Eut hy roi d rat.s treated wÍ th naximal PTU doses for type T

lnhibition exhi b I ted on 1y a 602 reduction in peripheral T4 to
T3 conversion ( Si lva et a1., 1984). Si 1va er a1. (1984)

Ínterpreted !his as a sÍgnificant contribution of the type IT

enzyne Èo circulating T3 1eve1s. In the PTU-treated neonatal

rat, peripheral T3 productlon declined by 257" and in
hypothyroid animals PTU pretreatmenÈ was ineffective in
block ing c onversíon suggesÈing that the type II pa t hway was

the major source of T3 un der t.hese experimental conditions as

we 11 (Sí1va and Ma t thews, 1984 ) .

Two tissues have been proposed as sources for plasma T3

generated by type lI enzymes. Brown adipose t i ssue (BAT) is
ext.ensive and we 11 vascularized and has the poÈential to

pr od uce 40 times nore T3 vía type II deíodinatíon than Èhe

c e re bral cor ¡ex (Leonard et a1., i983). Rat ki dney microsones

conta i n 2 deiodinase systems. 0ne has a high Kn and the oÈher

a 1or+ Km 5 r-deiodinase, the latter exhibiting similar
properties to the t ype Il of brain and BAT ( Go swami and

Rosenberg, 1984). This enzyrDe could contribuÈe to

extracellular T3 pools when 1ow substrate condÍtions like
hypothyroidÍsn prevail

8. T4 5r and 5-deiodinase i one enzyme or th'o?

Hepatic T4 5r and 5-deiodinases are simi l-ar Ín many

respec t s and are thought to be t.he sâme enzyme. Both are
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located in the endoplasmic reticulum, inhi bi ted by thyroid
hormone analogs, at imulated by th1ols and í n d i s t i n g u i s h a b 1e

by nost chronatographic methods, and Èhey conigrate on

lsoelectric focuslng gels (Chopra and Teco, l982; Fekkes et

a1,, 1982a; Fekkes et a1., 1983). There is sone contrary

evidence, however. Binding studies in rat liver generate

hyperbolic curves Èhat can only be explained on the basis of

tvo specific bind ing sites (Heinen et a1., 1980). Reverse T3

competes with T4 for the firsÈ site and T3 conpetes with T4

for the second. By impl i cation, 5r and 5-dei od ination could

be mediated by two enzyrnes. A single enzyEe catalyzing Èhe

production of the ac È ive hornone T3 and the netabolÍca11y

ina ct ive rT3 would have to be precisely regulat.ed.

lnt racellular conditions, pH for exanple, coul-d be subtly
altered to swi t ch fron T3 to rT3 production, but a simpler

system would be to have Èwo sepârate enzymes; one for T4 to
T3 conversion and a second for T4 Èo rT3 conversion. Conplete

purificaÈion of the roicroso¡na1 deiodinase(s) should clarÍfy
thi s point.

9. Modifying agents.

The tested or potential agents modifying 5 r -deiodination
that have been used previously or were used ln this Èhesis

can be dÍvided inÈo 7 categories: 1) thyroid inhibitors, 2)

thyroid hormone analogs, 3) GSH and dianide, 4) enzyne

binding agents, 5) end-prod uc t inhibirors, 6) cheJ.atinC

agents, and 7) hormones.

Thyroid inhi bi tors act at 3 sites to depress thyroid
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hormone syn thesi s. They can int erac t wi th iodoperoxidase, or
rJith the i od operox i dase antagonist catalase, or compete with
iod i de for transport into the gland itself (Werner and

Ingbar, 1978).

The analogs listed in Table I are characterized by

having part or all of the nolecule resembling T4 or rT3.
Multí-ring s Èruc tures of aurones, phenolpthalein dyes,

blockers, and amiodarone are similar Èo the phenolic and

tyrosyl rings of thyroid hornones. Iopanoic acid possesses

both a ri ng st ruc ture and i od ine atoms makíng it a potent
conpetitive lnhibitor of type I and Èype II 5r_deiodinâtion
( see ,{ppendix Fig. 2 for the molecular structures of iopanoic
acid, ANS, sodiun sa1icy1at.e, pTU, glutathíone (GSH), and

DTT). Salicylate and ANS displace thyroid hormones f rom

plasma proteins and inhibít T4 to T3 conversion irnplying that
the binding site for thyroid hormones on plasma proteins and

the active sÍte on the enzyme are sim j.lar
( Chi ra se veenuprapund et a1., 1978).

The role of GSH as a cofactor was investigated with
dianide, a specific GSH inhi bi ror (TabIe II) ( Kaplan , 1g7 g) .

The four Èh class of nodifiers bind to the cleiodinase

enzyme Ítself (Tab1e II). Two types of thiouracils have been

used Èo study 5 | - d e i o d i n a È i o n . 0ne group inhibits thyroid
hormone formation by blockÍng intrathyroidal iodoperoxidase

and also depress peripheral conversion of T4 by interacting
with Èhe enzyne, fornlng a mixed d i sulfi de (Chopra et aI.,
1982). 0ther Èhiouracil analogs exhibit no rhyroid blocking



TABLE I

Conpetitlve lnhlbltion by T4 analogs on T4 5'- delodlnatlon ln nanmals

Cornpound

aurone

!-adrenerglc antagonlst

phenolphthatetn3

ariodarorre4

radtogqaphlc contrast
agents

Example

3', (4',4,6)-tetra ( trl)-
hydroxyaurone

D,L propranolol

bromophenol blue

iopanolc actd/lpodate

2b1o"k" 
!-adrenergic

recept ors

dlsplaces thyrold horrnones
from plasna protelns

Reference

Auf'nkolk et al. , 1983

Shulkfn er al. , 1984

Fekkes et al. , 1982b

Lindenmeyer et al., 1984 ;
Pekary er al. , 1984

Leonard et al. , 1983;
Laurberg and Boye, 1984

Chopra et al. , 1980

Chopra et al. , 1980

3dye ag"r,t 4antl-arrhyEhmfc drug

sodtum sallcylate6

ANS6

12" plant netabollte

5ga11 bla<lder vlsuallzation 6
tJ(,



TABLE IT.

Enzyne and cofactor rnodlflers of T4 5r-delodlnatlon.

Inhlbl tor/ Act lvator l'lechanlsm

enzyne cofactor

rl¡'*

+

Conpound

GSH

diaurlde

thlouractl ,rr.1og" 2 lnteracts rdfth
enzyme sulfhydryls
to form a rnlxed
dlsulflde

sarne as above

blnds lrreversibly
to Sll resldues on
enzyne

Reference

Imal et al. , 1980;
Eales er a1., 1984

Kaplan, 1979
Eales et aL. , 1984

Chopra er al., 1982

Noglmorl et a1. , 1984

Leonard and Vlsser,
1984

thiouracll analogs3

iodoacetate

N-alkyl nalelnlde

activates T4 delodlnatlon In trout

cS'tl lnhib i tor

^/

I

I

I

I S-carbox)rneÈhylates
SI{ residues on
e nz J¡rne

Leonard and Rosenberg,
r980

*lr,hlbla" T4 delodinatlon ln trout
2b1o.k" thyroid 3no thyrold blocking actlvlty

NJ
5.
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activity but stil1 inhibit T3 producÈion by Èhe mechanism

outlÍned above (Nogimori et a1., 1984). Iodoacetate ând

N-a1ky1 maleir¡ides bind irreversibly t.o SH residues.

Rad i oiod i nat ed iodoacetate has been used to c harsc Èer i ze the

active centre of the enzyme (Leonard and Visser , l9B4).

Iodide rnay act as an end-product inhibitor of T4

5 I - d e i o d i n a t i o n , depres s i ng the fornatÍon of T3. However, the

inhibitory actions of iod i de have not yet been tested.
Chelating agents, EDTA for example, form complexes with

ions. EDTA has a narked stimulatory a ct Íon on 5r-deiodination
in young rats (Sato et a1., 1983 ) . There are correspondingly
high 1eve1s of the deiodinase inhibitors Cu2* and Zn2+ ín

these animals and EDTA could be complexing these ions, thus

remov i ng their inhibítory effect ( Sato et a1 , 1983).

The seventh class of modifiers includes hormones such as

TSH, insulin, adrenalin, and cortisol (glucocortoids) (Tab1e

III). Addition of TSH to thyroid preparaÈions elevates

T4 and T3 re l ease and inc r ea ses dei od i nation by inducing

intrathyroidal deiod ina se synthesis (Wu et a1., 1982).

fnsulin s t imu lates glucose t ranspor È into Èhe liver and

indirectly activates deiodination by provid ing the glucose

subs È rate for NADPH production. The hormone a 1so stimulates
enzyne synthes is directly (Grau et a1., 1983). Adrenalin

exer t s two ef fec ts depen d i ng on the recep t or site. Inhibition
nay be (-recepÈor nediat.ed and activation involves b ind ing to

a B-receptor ( Naurnan, 1984b). Glucocort ic oíd s inhibit T3

pr od uc ti on by decreas íng the tissue content of the deiodinase



TABLE II T.

Influence of horruones on T4 5r-delodlnatlon in mannals.

Inhtbt tor/ Act ivator llechanlsm

lncreases enz)¡me
synthesls ln thyrold

stlnulates de novo
synthesls "f tft.
enz)¡me

al^ unknow¡ but I ¡nay be
{-receptor nedlated

A nay be p-receptor
medlated

decreases tls sue
conÈent of the enzyme

lstlnulates T3 and T4 release from thyrold

Conpound

T51{l

insu11n2

adrenallne3

gluco cor t lcotds4

3elevates heart rate and netabollc rate

regulates carbohydrate ut 111zat lon

regulates carbohydrate, fat and proteln utllfzatton

A

A

Reference

wu et al. , 1982

Grau et al. , 1983

Nauman et al. , 1984
aandb

He)ma and Larklns, 1982;
Cavallerl et al., 1984

I

4

N)
crr
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enzyme ( Caval i er i et a1., 1984).

10. Effect of s!arvation on deiodÍnation.

StarvaÈion resul t s in d ec r eased serum T4 and T3 1eve1s

and reduced T4 to T3 converslon. The mechanism of ac t ion has

not been established c onc l usi vely and three separate theories

are therefore presented.

Harrís et a1. (Ig7g) noted a decline in non-protein

sulfhydryl ( NPSH ) concentration, specifically glutathione
(GSH), in livers fron raÈs starved for Èwo days. In vitro
T3 production \{as c omp 1et e1y r est ored to leve1s neasured in
fed animals upon the addition of the exogenous thiol DTT,

Moreover, the d e pressed hepatic T3 generaÈion was correlaÈed

with Èhe 1eve1 of NPSH rather than the quanÈity of

5t-dej.odinase presenÈ in the t i ssue (Harris eÈ a1. , lgTg).

Har ri s and coworkers suggested that depressed deiodination
during starvation was the result, of reduced arnounts of

sulfhydryl group cofactor.

A decrease in Èhe amount of 5 r -deiodinase present in the

Liver in addition to lover NPSH 1eve1s has a 1so been observed

in starved rats (Balsam g! gI., 7979; Gavin er a1., 1980).

Addition of glucose, not thiol compounds to isolated livers
fron starved anirnals fuul y re st ored de iod inase actÍvity to

1ev e1s measured in fed raÈs (Gavin and Cavalieri, 1980).

Gl uc ose feedÍng increased the !issue content of Che ènzyme as

ev i d enced by the elevated Vnax and unchanged Kn (Gavin et

a1., 1981). The effect of car bohyd râ te s may be med ía t ed by

insul in rather than as a direct effect. Serum Ínsul i n is
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grea Èer in carbohydrate infused animals (Harris et a1,, 1978)

and the j.nsulin eleva tes T3 production by increasing the

quan t i ty of 5 r -deiod Í na se present ( Grau et a1., 1983).

Redu c ed c oncent ra ! i on of T4 in the se rum or reduced

transport of T4 from Èhe blood into Èhe Liver in sÈarved

aninals could also r esu 1t in diminished T3 production (Heinen

et a1., 1981). Studies on perfused rat 1i ver (Jennings et

aI . , I979) have shor+n that intracellular deiodination

depended on T4 uptake from Èhe b1ood. During fasting, T4

uptake declined Eo 427. of control but the intrahepatic
c onver si on of T4 to T3 remained unchanged (Jenníngs et a1.,

1979), When the Km for T4 de iod inat ion in the kidney (3 x

10-6 M) rr'âs compared to the serum FT4 levels (2 to 3 ng/af)

it became apparent that T4 uptake could be rate 1irûiting at

physiological FT4 concentratíons (Ferguson and Jennings,

1983 ) .

11. Ef fec t of hypothyr oi di sm on peripheral T3 generation,

Depressed T3 gene ra t ion in hypothyroid animals

results part.ially f rorn a reduction in the tissue content of

Èhe Èype I 5r-deiodinase enzyme (Harris et a1., 1979). KapIan

(1979) observed that the maximum velocity for T4

5t-deiodination in hypothyroid rat s was smaller than Vna x

values for eu thyroÍ d animals substantiâting â reduced enzyroe

concentration in hypothyroidisn. ft. is also possibl.e that

reduced subs t ra te (T4) may have a r o1e in the reduced

T4 deiodÍnation.
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12. Sulfate conjugaÈion.

Sulfate conjuga t i on represen t s one of several
pathways, apart f rorn deiod ina !ion, for the degradation or

transformation of iodoÈhy r oni nes (Fig. 5). Sulfate con jugation
facilitates subsequenÈ d egrada ! ion of iod othyronine s and

until rec en È 1y was considered separate fron deiodinat.ion.
It is now known, however, that rr,hiLe T3 and 3,3r-T2 are poor

su b stra tes for deÍodination ín Èhe hepatic microsone f racÈion

they are readily sulfate conjugated and then rapidly
deiod ina t ed Ín cul tu red hepatocytes (0tten et a1., 19g3;

Vi s ser et a1., 1983). The rate of inner-ring deiodÍnation
( IRD) of sulf a t e-c onj ugaÈed T3 (T3S) is two orders of nagnirucle

faster than Èhat of T3; by Èhe use of Vnax/Kn ratios as an

indicaLor of enzyme efficiency, sul fa te-conjugated T4 (T4S)

IRD is 210 times more efficient Èhan T4 IRD aJ.one (0tten et

4., 1983; Mo1 and Visser, 1984 ) . Sulfation pref erentially
faciLitaÈes the prod uc È ion of inactíve netaboliÈes at the

expense of T3 generation provi d ing a rapid means to degrade

i od othyroni ne s and possibly salvage iodine.
B. Deiodination in non-narnrnalian tetrapods,

There is a paucity of knowledge about deiodination in
birds, reptiLes, and amphíbians. Chickens exhi bi t a high

rate of T4 to T3 conversion correlated with higher retabolic
activity or faster exchange of T4 between cel l and plasma

(Rudas and Pethes, 1984). Although undetected in roannals,

there is a PTU-insensitive deiodinase in the liver of some

birds (McNabb et a1., MS). 0ntogenetíc maturation of the
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Figure 5. Pathways of T4 netabolisn (excluding deiodinatlon)
(Ea1es, 1985).
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5f-deiodinase díffers betL,een precocial and altriclal birds.
Enzyme ac È ivi Èy peaks ât hatching for the precocial Japanese
quail but is sti1l risÍng at thÍ s developrnental sÈage in the
altricial ríng dove (McNabb and Hughes, l9S4). Two separare
studies ( Premanchand ra et al ,, !977; Rudas and pethes, 19g4)

have failed Èo detect rT3 in avian plasma possÍb1y because

this inactive metabolite is cleared rapid 1y from Èhe blood,
The reptilian thyroid sy s Èem is the 1eâst understood.

The najor sites of peripheral deiodination, enzyme

characteristics and regu 1a t ion have not been investigated.
Experiments on amphi bians have focused on the rol e of

T4 5r-deiodination during metamorphosis. T3 pr oduct i on f rom

T4 first d evel op s in premetamorphic tad poles and ínc rea ses to
net amor ph ic cl imax (Leloup and Buscaglia, 19g0; Galton and

Munck, 1981). Enzyne kinetics ( Km, Vnax ) , pH dependency, and

effects of nost standard mod i fy ing agents remaín to be

examÍned.

C. T4 5r-deiodinat ion in teLeosts

1, CharacterisÈics of T4 5 ' - d e i o d i n a È Í o n .

The deiod 1naÈ i on paÈhway in trout involves the renoval
of a si.ngle íodine atom from the outer ring of T4 to produce

T3, Law and Eales ( 1973) incubated brook trout homogenaÈes

with radiothyroxine (*T4) in the absence of DTT anrl exarnÍned

the produc È s forned us ing ÈhÍn-1ayer chronatography.

Deiodination was observed in gi11, stomach, intestine,
kidney, and nuscle bu! noÈ in the I iver ( Law and Ea 1e s,

1973). Leatherland (1981) using a r a d i o i nn u n o a s s a y procedure
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and no ad ded thiol s denonstrated T4 to T3 conversion in
hepatic and rena t honogenates of rainbow trout. The reaction
was enzymatic wiÈh a pH optirnum of 7.0 to 9.0 ln the liver
(Leatherland, 1981).

Sephadex G-2 5 ninicolunns ( 40x 13 nm) separate

iodothyronines from *I- . Using Èhis nethod, piml ot t and Eales
( 1983) ¡neasured *I- generat ion in rainbow trout Iiver
honogenates incubated with *T4. The number of pmoles T4

converted depended on incubatÍon t ime, and on the amount of
enzyme present, required exogenous thiol s for significant
activity, and had a pH opt imum between 6.g and 7.4 (pinlott
and Ea1es, 1983 ) . Tracer T3/carrier T3 underwent negligibl-e
deiodination and rT3 vas noÈ detec !ed as product fr om *T4 by

G-25 Sephadex chromarography ( piml ot t and Ea1es, 19g3). Tne

apparenr Km value (12oC) was 3.7 x l0-9 M (pimlott and

Ea 1e s, 1983), sími 1ar Èo Èhe Km calculated for fhe type II or
PTU-insensit ive enzyme in brain and BAT .

2. Measurenen t of peri phera 1 deiodination in vivo.
In vivo deiodination of T4 can be measured by comparing

plasma radioiodide following the i njec t ion o¡ 1311- and *T4

(Ea1es, 7977; Eales et a1., 1984). Trout are amenable to this
procedure for two reasons. First, they ha ve a large
plasma iodide pool with a s 1ow turnover rate; thus *J-

generated by d eiod Í nat i on wj. 11 not be recycled in the

thyroid. Secondly, trout neÈabolize injec Èed T4 quickly
(Ea1es, 1977). The influence of various parameters such as

starvation, refeeding and chemical agents on deiodination in
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the intacÈ fish can be exarníned by this method.

3. Effect of starvation on peripheral deiodinaÈion.

StarvaÈion for 3 day s ( rainbow trout) and l2 days (brook

trout ) alters thyroi d hornone net.abollsm (Higgs and Ea1es,

1977; Ea1es, 1979b). The nerabolic clearance rare (MCR) of T4

and T3 and extrathyroidal conversion of T4 to T3 are

dep ressed dur ing starvation, and the starvatÍon-induced

inhibitÍon of de iod inat i on is removed upon food presentation

(Higgs and Ea1es, 7977). Thyroid hormone 1eve1s (T4 and T3)

are si gni f icantly lower in samples frorn starved trout than

fed trout ( Flood and Ea1es, 1983). In fi sh b led 4 hours after
food presentation bo th plasrna T4 and T3 1eve1s are elevated
*I- and plasma *T3 level-s of recenÈ1y fed *T4-injected

s tarved trout also increase, indicating thaÈ the elevated T3

could be partly a c onseq uenc e of deiodination ( F1o od and

Ea 1e s, 1983). Preliminary in vitro experiments on coho salnon

shov de pre ssed hepatic T4 to T3 conversíon 1n fish starved

for 18 days (Leatherland , L982).

4. RoLe of GSH.

The addition of GSH fncreases T4 deiod Ína t ion ín vivo

and in vitro (Ea1es et a1., 1984). InjecÈed GSH increased

deiodination and plasma clearancb of *T3 and *T4 Ín both

sÈarved and fed trout. However, a dose-dependent relat.ionship

was noÈ shown (Ea1es et a1. , 1984). Low concenÈrations (up to
0.5 nM) of GSH enhanced deiodinaÈion in trout Liver in vitro
but higher amounÈs markedly inhibited the reaction (Ea1.es

et a1., 1984). If d iamid e and GSH were added ro the
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honogenate, the inhibitory action of GSH was reversed and

diamide by itself activated *f- productíon (Ea1es eÈ a1. ,

f984). fncubation under N2 wiÈh NADpH, conditions thaÈ

EainÈain reduced thiols or promote thiol synthesis, was

wÍthout effect. Thus there is 1iÈt1e evidence that GSH

regu lat es of T4 5r-deiodination in rainbow trout (Ea1es et
a1. , 1984).

DTT 1n vitro increased hepaÈic T4 to T3 conversíon Ín
rainbow trout in a dose-dependent nanner up to Èhe naximun

concentration used (20 nM) (Ea1es et a1. , l9g4). ln contrasr,
DarJ.ing et aI. (1982) observed a biphasic response in DTTrs

enhancement of deíodination in coho salmon liver homogenates.

Low leve1s (5 nM) activaÈed deÍodinaÈion while aÈ high

c onc en Èrâ t i ons (20 mM) inactivation occurred.

5. Ef fec t of inhíbi tor s of deÍodination.
Several agents (5 nM concentration) vere Èested (Ea1es

eÈ a1., 1984). The T4 analog ANS was the mosÈ potent

inhibiÈor followed by, in decreasing order of potency: pTU 
,

HgC72, dÍphenylhydantoin, and salicylate.
6. Regula È ion of T4 5 ' - d e i o d i n a t i o n .

The hypoÈhalarnic-pituitary axis may have a role in the

regulat.ion of deiodination in teleosts ( Fok and Ea1es, 19g4).

Ind i rec t evidence for this hypothesis come s from results
obtained from T4-challenged rainbow trout. A dose of T4 (69

ng/g) t¡at elevares plasma T4 50-fo1d 24 hours afÈer

injec È i on had no ef fec t on plasna T3 1eve1s ( Fok anrl Ea1es,

1984). Furthermore, metabolic clearance raÈes of T3 and T4
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were unaffected as was ra d iothyronÍ ne uptake by the 1iver,
ga 11 bladder, and sma 11 intestine ( Fok and Eal-es, f9B4).

Fok and Eales (1984), concluded tha È stabl e 1eve1s of T3 in
the face of T4 challenge were achieved by a reductÍon in the

proportion of the per Í pheral T4 undergoÍng deiodination.
Hypophysectomy depressed deÍod fnat ion in rainbow È rout (Levin

and Ea1es, 1g82). A1so, Ng and couorkers (1982) suggesr thar
a pituitary glycoprotein r¡ay act as a deiodÍnation activator.
Re gu 1aÈ ion of T4 to T3 conver s i on, therefore, could involve

the monitoring of plasma T3 1eve1s in the hypothalanus and

subsequent activation or inhibiÈion of peripheral

dei od ina t ion by the systemic release of pituitary hornones

( Fok and Eal.es, 1984).
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MATERIALS AND I,IETIIODS

A. Experinental an ina 1s .

Rainbov trout rere o,btained fron the Rockwood Hatchery,

Balnoral, Manitoba. 0ne-to four-year-old trout (Idaho,

Sundalsora, and Hanx stock) ranging in ue igh t fron I75 g to
I000 g vere used. Separat.e stocks were held in 2.3 Kl

fiberglass tanks suppl ied vith floving aera t ed and

dechlorinated Winnipeg ciÈy ïater at l2oC. All fish were fed

Evos !rout grouer pel Iet s (Rundle Feed Hi11, Palnerston,

0ntario) corresponding to l-22 body weíghÈ once daily and

vere naintained on a 12 h L t 12 h D photoperiod (1ight

0700-1900 h).

B. Subcellular f ra c Èion DreDaration.

AÈ the begi nn i ng of each prepsration fÍ sh vere

anesLhetized by placing them in plastic tubs c onta inin g 1.2

g 145222 (tricaine Eethane sulfonate, Syndell Laboratories

Ltd. , Vancouver ) dissolved in 18 1of aeraÈed isothermal

ïater.

The trout were sacriflced by c oncu ssi on and the livers
quickly freed from the gal1b1adder, removed and rinsed in
ice-cold buffer. Tvo buf fer s uere used in the preparation of

subcellular fractions. Buffer A, containing 0.25 H sucrose,

and 3 urH DTT, 10 nM Tris-HC1, pH 7.4, was used for the first
set of experiEents. This vas replaced later yith buffer B

containing 0.1 M KH2P04/NarHPOn, 0.25 M sucrose, and 3 mM

DTT, 5nM EDTA at pH 7.2. For the GSH-dianide experiEents,
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DTT-free buffer B was used.

After being weighed, Livers from several fish were

pooled and added into 4 volumes of buffer A or buffer B. The

livers were ninced vith a scalpel and dispensed into ei ther a

10-n1 or 55-n1 Wheaton homogenizing vessel. Tissue was

Ínitial1y treaÈed with a polylron homogení zer (Brinkman

Ìnstruments) set at set t ing 6 for 4 seconds, folLowed by 2

strokes with a noÈorized pest.le (Tri-R SÈir_R, Tri_R
lnstruments Inc., New York ) . The resuL t l ng crude hornogenate

vas filtered through two layers of gauze and diluÈed wíth 2

volunes of ice-col.d buffer (A or B) to a final dilution of
1 r 8 w/v.

The centrlfugation procedure was rnodif iecl f rorn Fekkes

et a1. (1979). Aliquots of honogenat.e were transferred into
plasÈic cent r Í fuge tubes and spun for 2O ninutes at 730 x g

in a Clinicool centrÍfige (Darnon/IEC DivisÍon, Needharn

He ight s, Mass. ) . Tt¡e supernatan! was decanted from the crude
nuclear pe1let and spun in a SW 40.2 rotor (Beckman

fnstruments, Palo AIto, Ca1.) at 25,200 x g for 1O ninutes in
a Becknan L8 u1Èracentrifuge to obtain Èhe crude

Di t ochond ria,/ 1y sosome pe11et. The supernatant was decanted as

before and spun aÈ 1lO,0O0 x g for one hour in a SW 40.2

rotor (Becknan) to separa t e the nic rosoma 1 fraction from Èhe

ce11 sap. DependÍng on the assay, the rolcrosome pe11et was

resuspended in either buffer A or B or sucrose_EDTA buffer
and l-2 nI of Èhe suspension was dÍspensed into plastic vials
and covered wÍth parafilm. lJhen other fractions (homogenate,
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crude nuclei, rn i t o c h o n d r I a / 1 y s o s o m e s ) were preparecl , pe.11ets

were resuspended in identÍca1 volumes of Èhe approprlate
buffer and !he hornogenate was stored undiluÈed. purif ied

rainbow trouÈ hepat i c nuclei were a gift from O. Bres, All
subcellular fractions were stored at -7OoC until use.

In the prepâraÈion of large quanti t ies of microsor¡es

approxinaÈe1y 4 times the or igí na1 amounÈ of liver was

homogenized. A 50. 2 Ti fixed-ang1e rot or ( Becknan ) was

substituted for Èhe Shl 40.2 rotor in subsequenÈ

cenÈrifugation steps. The final protein concenÈration h,âs

approximately 10 nglm1 ( range 5.2-15.6 mgln1).

c. T4 5r-dei od lnase assav

Assay procedure f o 11owe d the rnethod of pÍn1otÈ and

Eales ( 1983) except for the subsritution of dif f erent
subcellular fractions. Microsomes (or other fractions) were

thawed and d i luted to the approprÍate concentration with
ice-co1d buffer (A or B). If DTT was added ro the assay iÈ
was flrst d i s solved in a few drops of buffer from the stock

assay tubes ancl then pipeÈÈed back into the 125 x 16 mn glass

incu ba t ion tubes ( final assay volune 1.0 n1). para11e1

cont ro1 tubes containing buffer plus any reagents added to
the experinental tubes, but no subceLlular fractions, were

run for each assay.

The substraEe for the reaction consisted of 20 ¡1 0.I N

Na0H containing approxirnaÈe1y 100,000 cpm *T4 (s.a. 750

1rli/pC; radioiodide content 4-82; Indust.rial Nuclear, M0.)

and carrier T4 at a final concentratÍon of 50 ng/mI, def ined
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as the *T4/14 standard . Three to five replicates of control
and experinental tubes were equilibrated for 30 Einutes ín
the dark in a shaker bath seÈ at l2oC ancl 150 rpm, At tirne

zero, 20 ¡1 of the *14/T4 rnixture was pipetted into the tubes

and shaken. Af ter a 20-minute incubation period the first
tube was removed from the shaker bath and 20 pI of. Kl (2 x 10

-3 M¡ rr"" added to displace any *J- bound to Èhe wa11s of the

tube.

The *l- contenÈ was determined ín dupl í cate by adding

100 ¡1 of each incubate onto Sephadex G-25 ninÍcolunns
(Pharnacía Chenicals, Uppsala, Sweden; bed vo1_ume 40 x l3 mrn)

previously layered with 250 ¡1 0.1 N Na0H. Any iodoprotein
(J.abe1ed iodíde covalently incorporated into proÈein) was

eluted off the columns wi rh 2.25 ¡n1 barbiÈa1 buffer (7 .4 x

IO-2 I'Ii pH 8.6) lnirial experínents showed this fraction to

con ta in 30-40 cpm and ín later experinenÈ s it was routinely
eluted to waste. A second elution r^¡ith 2.25 ¡nl- barbital
removed the iodide fractlon. The iod i de and to ta1 counts

reference (TCR = inj.tial *T4 radÍoactivíty added to each

incubate) were counted in a Beck¡an 80OO gamma counter
( Becknan ) . Col umns were regeneraÈed with 7.5 n1 of diluÈecl

outdated human plasrna, diluted 1:9 with e i ther barbital
buffer pH L 6 or deionized distilled water. The proÈeins Ín
the human p1a sna bind, and hence renove res idual. thyroid
hormones on the Sephadex. The hormone bound to Èhe plasma was

Èhen eluted off r¡ith 10 nl. of deionized distÍ1led rdater and

Èhe columns vere capped and sÈored in 0.1 N Na0H.
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ProteÍn was assayed wÍth the Bio-Rad proÈein kit
( Brad ford , 1976).

D. Calcula t ion of T4 deio dinatlon.

Four assumpÈions rdere made in calculat ing the T4

delod i naÈ ion rate: T4 was labeled exclusively in the

ouÈer-ring (3r and/or 5t posiÈions), only one of the two

avail.able 1od ine s was 1a be 1ed at the specific acÈiviÈy of the

labeled T4, any T3 forned underh'en t negl igi b1e ouÈer-ring
deiodination, and iodide forned by deiodinaÈion r+,as

unreâct.ive ( Fig. 6). The assunptions are supported by

previous in vivo (Ea1es, I977) and in vitro h'ork (píntott and

Ea1es, 1983 ) and by sÈudÍes in rhi s Èhesis. The T4

deiodination rate, expressed as pmol T4 converted h-f ng
. -lprotein-r was calculated as Èhe product of the fraction of

*T4 deiodinated and the toÈa1 T4 added Èo Èhe incubate

divided by both the incubation Èirne and protei n con t ent of

the incuba te ( see Appendix I for de tai 1ed explanaÈion and

sample calculation ).
E. Vari ri oced r

1. Tine study.

In these experiments 10, 20, 40 and 60 nÍnute

incubations ryere used.

2. pH prof j. 1e.

Microsomes were assayed in buffer B over a pH range of

6.0 to 8.0.

3. Heat treatment.

Microsornes were pretreated for one hour in a water bath
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Figure ó. Prod uc t s forned fron *T4 5'-deiodination in trout.
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set at 60oC and then assaved

4. T3 delodination.

St and ard procedure was

( 83.4 nglm1) and *Tl ( 100,000

as usual.

followed except that T3 carrier
c pn; s. a. 550 yCí/lei

used in place of the *T4/T4

calcu 1at i on of T3 deiodinariôn

Industrial

substrate

raÈe).

Nuclear, M0. ) were

Iï for( see Appendíx

5. Substrate concentration.

St an dard assay proced ure was followed except that
dÍ f ferent concent ra t ions of T4 carrier were used. Calculation
of pmol T4 converÈed wÍth varying substrate is outlÍned in
Appendix IIT.

.6. Modifying agents.

All of the agents were dissolved inÈo buf fer B and the

pH of the solution adjusted if necessary. This sÈock soluÈion

was diluted with buffer to yíe1d the concentration used in
Èhe assay. For the GSH and diamide experirents, nodified
DTT-free buffer B was used and no DTT was added Èo the

incubate.

F. LonR-col.umn chromatographv.

To investigate Èhe *T4 proclucts, ín c ubated samples were

chromaÈographed using a Sephaclex G-25 column ( fine nesh 1 27.8

cn x 1.5 cm). The procedure was a nodification of that of

Green (7972) and Rudolph et a1. (1978), involving an

automated system consisting of an LKB 2752 HPLC controller,
LKB 221,1 f ract.ion collector and LKB 2132 peristalic pump. The

column was equillbrated in eluenr I (0.1 N Na0H-0. O 1 M NaCl
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wÍth 3.6 g/l NarSrOU).

Microsomes nere assayed as per standard procedure. A 500 p1

a1i quot was removed from the incuba t i on tube and di luted 1:1

(v/v) with equiltbraÈion soluÈion (0.1 N Na0H-1 M NaCl with

3,6 g/t Na2S205) príor to storage at -7ooC. At the beginning

of each run, 0.3-0.4 m1 of sanple ( experirnental or control

incubaÈe or *T4/*T3 sÈandard ) was injected onto the column

r{ith å 1-n1 syr i nge The tubíng was flushed with 3 n1 of

equilibration solut ion and Èhe fractions eluted wi Eh el uent I

at a flow raÈe of 1 m1/nín. Total fraction volume vas 4

rn1/tube. After 25 frac È ions were col l ected eluenÈ II (0,15 N

Na0H-0.01 M NaCl with 3.6 z/I NarSr0r) was passed through the

column and a fur the r 55 frac t ions collected. A continuous

gradient was run from frac È Íons 80 to 85 with decreasing

proportions of eluen t I and inc reas Íng proportions of

equilibration fluid, A totâ1 of 110 fractions was collected

and counÈed. To identify the T4 and T3 peaks on the

chronatograph, *T4 and *T3 were cochronatographed under

identical experinenÈa1 conditÍons. Although not

chromâtographed in i sol at ion to confirm íts ídentÍty, the

peak of radioactiviÈy Ín fraction 15 was assuned to be *T-

on the basis of prev íou s experiments by Pimlott and Eales

(1983).

G. Fffect of s tarva tion on T4 5 I - d e i o d i n a t i o n .

Rainbow trout ( domestic Nisqually stock) were

transferred fron a 2.3 K1 tank inÈo four 200 L tanks, each

tank holding 29 fi sh. All fi sh were accl Ínat ed for one week
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1n runn i ng 12oC dechlorlnated, aerated city vater on a l2 h L

: l2 h D light cycl.e and yere fed Esos trout peJ.1eÈs once

each day (1100-1130) at a ration of approxinaÈe1y lZ body

ueight /day.

For the tb,o-ueek experinental perlod two tanks of f ish

were fed a ration of approxinately 1Z body weÍghÈ aÈ the same

!iEe each day (1100-1130). The fish in the orher two ranks

uere starved. At the conc 1us i on of the ex per imen tâ 1 period

the fed and starved fish were weighed and sacrificed and the

livers fron each group processed in pools of ffve. All the

liver Èíssue rras processed identically and stored at -70oC

until analyzed. From the average f j.sh veights for each tank,

the exact food rations vere ca 1cu 1a ted to be 0.81Z body

veight/day for the firsr rank and 0.967. body weight/day for
the second Èank.

H. Gluc ose-6-ohosÞha tase assav.

The activiÈy of the ER narker enzyne

g l uc ose-6-phospha tase vas assayed according to Baginski

(197 4). Briefly, the frac t i on !o be analyzed (honogenate,

nuclei, ui Èochond r ia /1y s osomes, nicrosomes ) vas resuspended

1n ice-cold sucrose-EDTA buffer (0.25 M sucrose, 1 ¡nM EDTA.

pH 7.0) and kept on ice until use. Volunes of 100 ¡1 each of

sucrose-EDTA, 0.1 M glucose-6-phosphate and 0.1 H cacodyJ.aÈe

buffer (pH ó.5 ) vere pi pe t ted i nro each test tube. This

mi xt ure vas vortexed and equilibrated in the dark at l2oC f or

30 ninuÈes in a shaker bath seÈ st 100 r pn. At the beginning

of the assay, 100 p1 of aucrose-EDTA (blank), phosphare
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stan dard (1.5 uM) or sample were added to the corresponding

tubes at 30 second int erval s and íncubaÈed. The reacÈion was

sÈopped ì{ith 2 n1 of a r¡íxture of ascorbÍc acid and

t.richloroacet ic ac id (TCA) (22 r¡/v ascorb ic acid 1 707 w/v

TCA). Control Èubes were also run vith Èhe sample added after
the ascorbic acid/TCA. All of Èhe Èubes were then removed

froro the bath, vorÈexed and spun at 3000 x g for 3 Dinutes Ín

either a Sorvall GLC-1 bench top or Becknan J2-2714

cenÈrifuge. 0ne m1 of the supernatant r+'as pipetted into a

c 1eân tesÈ tube folloved by 500 p1 of annonÍum nolybdate (12

w/v ) and vortexed. Fina11-y, l mL of an arsenite-cítrate
nixÈure (27" u/v arsenite; 27" w/v citrate) was added, vortexed

and all,owed to stand for 15 nlnutes. The solution was read aÈ

700 nm. A sample calculation of phosphatase activity and the

phosphâte standard curve are gíven in Appendix IV and

Appen d i x Fig. 1.

I. Statistical analvsis.

Linear regressions ( including Lineweaver-Burk plots )

were calculated with the least squares method. Dif f erences

between Èhe neans of two groups of daÈa were analyzed vÍ Èh an

unpaÍred È-test. Prior to anâ1ysis, the horoogeneity of the

variances was confÍrmed to be insigni f icant (p(0.05) wi th a

tì{o-tailed F-test. The statistical techniques employed in

Èhi s study are out 1i ned in Mendenha 11 ( I979) , Snedecor and

Cochran ( 1971), and Soko 1 and Rohlf (1969).
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RESULTS

A. ODtimization of assay.

1. Influence of enzyne concentration on T4

5r-deiodinaÈion.

Pelleted nicrosomes were resuspended in buffer A (pH

7.4) and serially d i luted to determine the effect of enzyme

concentratÍon on T4 5 r -deiodination. Enzyne activity

inc reased linearly wi th increasing proteÍn concentration up

to 0.5 ¡ng/m1 (Fie. 7).

2. pH.

Microsomes were re suspended in buffer B at pH 6.0, 6.5,

7.O, 7.5, and 8.0. In two Èria1s, maxinum deiodination Has

noted at pH 7.0 (Fig. 8).

3. Effect of DTT.

DTT was dissolved inÈo the incubate in varying

concentraÈÍons to examine uhe effect of exogenous !hio1s on

deiodination. DTT el-evated enzyrDe activity up to a thío1

concentration of 11 nM (Fig. 9). Álthough zero DTT wasnrt

employed here, later experirnents with GSH shovred no

deiodinaÈion wÍÈhout the addítion of DTT,

4. Incubation È irne.

Microsomal suspensions were incubated for 1O,20,40,

and 60 Einutes. The number of pmoles T4 converted increased

with increasing lncubaÈion Èine up to Èhe maximun tine

employed (Fie. 10).
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Figure 7. Influence of enzyme concentration (mg/ml of

protein in Íncubate tube) on T4 5 | - d e i o d i n a t i o n .

Each point represents a nean (j SnU) of 5 separate

incubates.
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Fi gu re 8. Influence of pH of assay nixÈure on T4

5 | - d e i o d i n a E i o n . Each point represents I nean

(t SEM) of 5 separate incubates. a trial 1,

0 trial 2.
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Figure 9. Effect of DTT on T4 5 | - d e f o d i n a t i o n . Each poinr

represents I nean (t SEM) of 3 separate incubates.

Point at origi n derived from Figure 1ó.
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Fi gure 10. In f l uence of incubaÈion tfne on T4

5 t -de iod i nat ion. Each point represents a Eean

(¡¡ SEH) of 3 separare incubates.
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5. Conparison of buffer A with buffer B.

Microsooes were processed in either buffer .{ or buf fer B

and T4 deiodinase activities compared. *Il producÈion was

significantly higher (p<0.01) 1n buffer B (Tab1e IV).
6. Heat treaÈment.

0ne se! of incubation tube s (designated heat-treated )

was preheaied at 6OoC for one hour and assayed for deiodinase

acÈivity in tandem ì{ith a second set of tubes (desÍgnaÈed

conÈro1) that. were kept on Lce for one hour prior to Èhe

assay. PreheaÈed ¡nicrosones shoved signifÍcantLy less
activity ( p<0,01) t han incubaÈes previously held at 4oC

(Tab1e V).

0n the basis of informat ion obtained from these studies,
the foLlowing assay condíÈions r+ere employed for all
subsequent experiments: 12oC (acclinatíon tenperaÈure of
fish), buffer B at pH 7,2, 5 nM DTT, 20 ¡ninuÈe incubation,
prot eÍn concentration no! exceeding 0.5 ng/m1 .

B. Lonp-co l rmn c hrornatosraohv

Chromatographic analysis of the *T3/*T4 standard

revealed distincÈ *T3 and *T4 peaks ín fractions 32 and 5g

respectively (Fig. 114). The *I- conraminaÈion of the *T3 and

*T4 standards appeared in frac ti on 15. Ana 1y si s of Èhe

conÈro1 incubate ( identical to sanple buÈ without microsornes)

showed three peaks corresponding to *I-, *T3 and *T4 (Fig.
llB). The rad ioac tivi ty peaks f ror¡ the duplicate sanples

containing the microsomal fraction were synmetrÍcâ1,

denonst.rating clean separation of najor iodonaLerials (Fig.
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TASLE IV.

Conparlson of T4 5r-delodlna!fon fn repllcates fron a sIngle
trout trlcrosone fractlon uslng assay buffe¡s A or B.

onol T4 convertêd . -th'. ¡roteln'

Buffer A Buffer B

0 .265

0.27 5

0.310

0 .263

0.271

0.27 7

0.0r 9

0.461

0.362

0.330

0.397

0.4r3

x

s.

+
3920

D 0.050

+ gignfftcantly dlfferenr (p < 0.0t) fror¡ buffer A
values as deterElned by two-talled t-test.
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ÎABLE V.

Influence of heat-treatEent (H) on ¡leroaon¡l
T4 5r-delodtnåse actlvlty ln BepsrâÈe deterEtnatloos
C - conÈroI oicroeooes

onol T4 conve r t èd h-l ' ns Droteln -I

c

Ã

0.t24

0.031

0,047

0.007

0.015

.045+

0 .047

L.46

Ì ,34

I .48

r.59

1 ,43

L .46

0 .09s.D

+ SlBniflcantly dlfferent (p ( 0,01) froE control ElcroeoEea
as deterDlned by tlfo-talled t-teÊt.
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Figure 11 Elution profi 1es of (A) *T4 /*T3 srandârd,
(B) control (no microsones), and (C) sanple

(containing nicrosones). G-25 Sephadex

chroma t ography (flne nesh; 27.8 x 1.5 cn).
(-----), rrial l; (_), trial 2.
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11C) . Approximately equal production of *T3 and *I- f rorn *T4

were noted in trial. I (715 cpm *f-,504 cpm *T3) and Èria1 II
(887 cpn *I-, 747 cpm *T3) confirming that iodide is being
renove d from the outer ring of *T4 and indicating negliglble
outer ring deiodination of *T3 . Detailed calculations of the
relative amounts of *I- and *T3 generated from *T4 are
outlined in Ap pend ix V.

c ti ati ES b

1. T3 deiodination.

Cross reactivity of the enzyme for T3 was exanined by

substituting 100, 000 cpm *T3/carrier T3 ( final concentration
83.4 nglm1) for +T4/14 carrier in the incubate. T3's
conversion rate was approximately 32 of T4rs as calculated
from para11e1 incubates,

D. Subcellular localization.
Four crude and one pure subcellular frac t i ons were

ana l yzed for g 1 u c o s e - 6 - p h o s p h a t a s e , an ER narker enzyme.

Gl uc o se-6-phosphat a se actÍvity was hi ghe st in the rnicrosomal

fraction and progre s si vely lower in the

Iysosomal-nitochrondrial fraction, whole homogenate, crude
nuclear fraction, and purified nuc l ear fraction (Ffg. l2).

T4 5 r-deiodinaLion was also assessed in corresponding

fractions prepared from ÈL'o pool s of 1iver. In both Èrials,
the nicrosomal fraction exhibited the largest T4 deiodinase
activity ( Fig. 12). The presence of high 1evel s of
g 1u c o s e - 6 - p h o s p h a t a s e and deiodinase activities in the
microsone fraction irnplies that. Èhe T4 5t-deiodinase is
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Figure 12. Subcellular distribution paÈtern of T4

5r-deiodinase and g 1uc ose-6-phos phata se in
fracÈions c on taini ng c rude vhoLe hoEogenate,

crude and puri f ied ( ---- ) nuclei, lysosone/

mitochondria and microsorDes.
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located in the ER.

E. Enzyrne kinetics.
The effect of substrate concentration on deiodination

was deterrnined by the measurement of changes in enzyme

BcÈivity with varying amounts of carrier T4.

lntermediate carrier concentrations (70_1125 nM) were

ernployed in Kn and Vnax de t ermi na t ions in fed and sÈarved
trout. The Km value for Èhe hepatic T4 5r_delodÍnase was 1.9
x 10aa M and the naxinum veloc i ty (Vmax) was 3.4 prnol T4

converÈed . h-1 . ng protein-l (pig. I3),
F. .{sents modif vinp dei o ination

The mod i fy ing agent s tested in this study encompass 6 of
the 7 categories d Í scussed in the literature review
including: 1) thyroid i nhi bi to rs, 2) thyroid hormone analogs,
3) GSH and diamide, 4) enzyme sulfhydryl binding agents, 5)
end product inhibitors, and 6) chelating agenrs.

Thyrold inhibitors were defi ned as compounds that block
iod oper oxi dase (e,g, thiourea), catalase (e,g. sod i um azide)
or compete with iod i de for thyroíd uptake (e.g. thiocyanate).
None of the three agen t s had any effec t on hepâtic
deiodination (Fig. l4A, 148, l4C).

The T4 analog ANS vas the most potent inhibitor.
lnhibition was de Èec Èab1e at 2 uM ANS and virt.ually no

deiodinase activiry ((42) could be derecÈed ar 0.1 nM

conc en Èra t ions (Fig. 15). ln conÈrasÈ, t.he addition of 10 mM

sa l icy1a te, a second analog, depressed d e iod ina t ion by only
607" (Fis. 1s).
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Figure 13. Lineveaver-Burk plot of T4 5t-deiodj.nase kÍnetic
data. Kn = 1.9 x l0-7 M; Vnax = 3.4 pmol T4

conve r t ed . h-l- . Dg pr o Èe in-1. Each point

represents a r¡ean of 3 replicates.
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Figure 14. Influence of thy ro id inhlbitors on T4

5t-deiodination. The nean value of 3 control
(no inhibitor or activator) i ncu ba tes represents
100ã activity. Percentage activity of the

nodifiers is calculated as:

tv1 ctiv itor x 100
act -D contro

Data are plotted as nean per cen Èâge activity (+

SEM) . A) sod i un azide. B) thiourea; a rrial l,
0 trfal 2. C) thiocyanare; I trial l, o Èrial 2.

ty o
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FJ.gure 15. Influence of T4 ana logs ANS and sodiun salicylâte
on T4 5 | - d e i o d i n a t i o n . Agen t potency is expressed

as in Figure 14.
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GSH had 1iÈt1e ef fec t on dei.odlnation ei t her at 1ow

( <0.01 mM) or high (2 nM) c oncen Èra t ions ( fig, 16) while rhe

specific GSH-blocking agent, diamide, enhanced deÍodination
(Fis. 16).

PTU and N-ethy1 maleimide, two molecules that react with
enzy¡De sulfhydryl gr oup s ln nammal s, inhibited T4

deiodinaÈion (Fig. 17Á, 178).

Accord i ng to the 1aw of ma ss action, addÍtlon of large
amounÈs of Íodide (as Kr) should inhibít the deiodination of
T4. An 182 declíne was nored wirh 100 nM KI (Fig. 1g). The

negatÍve resu 1ts wi!h eq u imol ar KCI confirned the specific
ínhibition by iodide.

Fina11y, the rol e of divalent ions Ín deiodination was

examined with t.he non-specific chelatÍng agenÈ EDTA and the
Ca 2+-specific EGTA. Both molec u 1es enhanced deiodination,
EDTA being slighrly nore ef fec r ive rhan EGTA (Fig. 19A, I9B).
G fl.ue tion I dín t

Hepatic T4 deiodination was si gni fi cantly depressed

(p<0.01) in fish starved for 14 days when compared Èo f ed

fi sh (Tab1e VI). Kineric anal.ysis revealed thaÈ rhe affinÍty
of the enzyme for T4 (Kn) and maximum capac i t y (Vnax) vere
depr e ssed as was Èhe Vmax Èo Kn raÈio (Fig. 20A, 208; Table

vrr).
A por t ion of the T4 converted in livers from sÈarved

trout could be produced via a pTU-insensitive pathvay. To

test thfs, enzyme activity was neasured in hepatic microsones

from sÈarved and fed trout in the presence of I nM and lO mM
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Figure 16. In f luence of GSH and diamide on T4

5r-d eiod inat ion. Zero GSH had no neasurabf e

actívity. Each point represents a nean (+ SEM).

cSH (----); dianide, a rriât l, O rriat 2 (_).
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Fi gu re 17. I n fI uence on T4 5t-deiodinatÍon of inhibiÈors
that bind to sulfhydryt grou ps. Inhibitor potency

is expressed as in Fi gu re 14. A) N-ethy1

naleinide. B) PTU; a rrial l, O rriat 2.
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Figure 18. In fl uence of Kf on T4 5 ' - d e i o d i n a t i o n . Kf potency

is expressed as in Figure 14. Enzyne acÈivity in
the presence of KCL Ís graphed for conparÍson.

0 KCl, a Kt.
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Figure 19. Influence of che 1a t ing agents on T4

5 I - d e i o d i n a t i o n . Ágent potency is expressed as

in Figure 14. À) EcTA. B) EDTA; I trial l,
0 rrial 2.
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TA3LE VI.

Coroparfson of T4 5'-delodlnatlon 1n the hepalfe
¡¡lcrogone frsctlon of starved and fed trout.

T4 converted'

Starved

-l teln ¡

Fed

x
s.D

0.60r
0. 968
0.657
0.6rr
1.04
0.637
0.944
0.951
0.864
0, 840
l.9l
0.99r

0.9t7
0.351

1.72
r.13
2.90
1.56
1.58
r.64
2.98
3. 04
1.85
1.96
1.43

(5.29)*
+

r.98
0.67 3

+ Slgnificantly dlfferent (p ( 0.01) fron starved trout
as deterEined by two-talled t-test;
(5.29) not lncluded tn 1 or S.D. calculatfon. AII daËa
were analyzed also wlth å Wtite-tJllcoxon non paratretrlc test.The fed group was egaln slgntffcanrly (p < O.òt)hlgher than the slarved group.
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Fi.gure 20 Line¡veaver-Burk plots of T4 5t-deiodinase kinetic
data froo starved 0 and fed 0 trout. A) trial I

starved fish, Xn = 0.7 x lO-7 H, V¡nax = t.l pnol;

fed fish, (o = 1.5 x l0-7 H, Vnax = 4.1 pnol

B) trial 2 srarved fish, Kn = 1.2 x lO-7 M,

Vmax = 2.5 pnol; fed fish, Xn = 1.7 x l0-7 M,

Vnax = 8.3 pno1. Each point represents a nean of
three replicates.
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TASLE VII.

Conparlaon of Vuax/X¡ ratlo6 for fed and starved lrout.

Trlal Condf tlon
Vnax

(pno] ' h-11 .
Eg Proceln ) -1(x l0 ') KE

Kn Vnax

Fed

S Èarved

Fed

Starved

4,7

t.1

8.3

2,5

L.7 4.9

2,1

1.5 2,7

0.7 2I

r.2
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consistent Èrend was shown between the two groups and

a repeat experinent no conclusions cou 1d be nade

a type Iï enzyne ln starvationregarding the contrj.bution of
(Tab1e vIII).



rnfluence of Ptu on T4 5'-detodrnatron rn the hepâtlc nrcrosonal fractron ofstarved and fed trout. pTU potency Is expressed as percent actlvlty: l00Zls asslgned to actlvlty r¡Ith no pIU present.

TABLE VIII

Trlal I

Starved

100

Trlal 2

PTU Concentratlon (nl,t) Fed

100

1.0

10.0

Fed

100

Starved

100

35.9 1 l. t 44.7 ! 2.3 35.7 t 1.0 36.4 I l.s

6.7 ! o.4 10.2 r 1.0 6.9 1 0.8 9.4 I 3.t

@
o\
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DISCUSSION

The finding of subsÈantial T4 5r_deiodination in Èhe

liver of rainbow trout confirnecl previous work by Leatherland
(f981) and Pirnlott and EaLes (19g3). Enzyme activity depended

on the addition of exogenous thiols (DTT) and was enhanced
with increasing DTT concentrâÈions. It rr,as not possible to
propose a nechanism for the reaction with DTT without the
results of competiÈive inhibítion experinents. A l inear
dependence between enzyne concentraÈion and prnoles T4

converÈed was de¡¡onstraÈed. The pH opÈinum of 7.0 was in the
range of val ue s repo rt ed by LeaÈherland (l9gl ) and plmLott
and Eales (1983). Inc rea sing incubation t ines also elevated
total deiodínation, buÈ preheating Èhe enzyEe to 6OoC for one

hour abolished deiodination,

T4 deiodination in trouÈ is a one step process. The

labeLed deiodÍnation products from *T4 are either *I- or *T3

depending on which of the outer ring lodines is labeled and

which Ís rernoved (Fig. 6). Data from G_25 Sephadex

chrornatography on the l ong column su b s tant ia te this
hypothesÍs. fn microsomal incubates, *l- and *T3 were
produced from *T4 in approxirnately equal amounts.

Furthermore, there vas negligible ev idenc e of subsequent
deiodination of *T3. ttrhen *T3,/T3 was substituÈed f or the
sÈandard *14/T4 substrate in the r¡icrosomâ1 incubaÈe, T3 was

deiodinated to on 1y a sma 11 extent (37" of the T4 1eve1).
Reverse T3 and sul fa te conjugated iodothyronines Here
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not deÈected by chromatography as evidenced by a clean

separation of the *I -, *T3, and *T4 peaks. The absence of rT3

agrees with previous in vivo (Eales et a1., 1983 ) and in
vitro da ta (Pirnlott and Ea1es, 1983 ) on trout. Mo1 and Visser
(1984) suggested that in manrnals Èhe sulfation of T4

funcÈioned to increase the concenÈraÈion of inacÈive

neÈabolites suc h as rT3. The conversion of T4 to inactive
iod o thy r onine s and d e i od inat ion of T3 itself nay be

unneces sa ry in trout because of ample iodine availabí1ity and

a negligible requirement to salvage íodine (Ea1es eÈ a1.,
i983).

Both gl ucose-6-pho spha tase and T4 5t-deiodinase activity
were greatest in the crude nicrosome fraction. However, the

enzyme could only be tentatively located in Èhe ER as opposed

to the plasma r¡embrane because the distributÍon of a plasma

membrane marker such as 5 r -nuc leot i da se was not assessed. Use

of additional narker enzymes and Èhe isolaÈion of purifled
plasma membrane and ER would confirn the subcellular ER

Iocation.

There was an incomplete fracÈionatíon of ER nembranes

from lysosomes and mi t oc hond r ia as indicated by the

cor re spond ing gl uc ose-6-phospha tase activity. The crude

nuc lear pel1et consl sted of a broken ce11- preparation

contaminated with whole ce11s, nembrane fragments, and red

blood cel"1s trapped in the in Èerior of the liver during

homogenization. Unlike Èhe nanmalian erythrocyte, trout red

blood ce11s possess a compl-ete ce11 sÈrucÈure inc 1ud ing ER.
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These membranes toget.her wi Èh the other conÈaminåtion

previously Eentioned cou 1d contribute to the detodinase and

phosphatase activity measured in the crud e nuclear fraction.
Recent studÍes by Tseng and Latham (1984) have shown Èhat rat
hemoglobin ca Èa1y zes the oxidative deÍodinaÈion of
i od o thy ronine s to iodide and intermediates, producÈion of *I-

by hemoglobin in the crude nuclear frac t i on cannot be

discounted. However, purifÍed trout nucleÍ, free of ER,

exhÍbited no deiodinase or phosphaÈase act.ivity. Nuclei

themselves pr o babl y do not cont r i buÈe to intracellular T3

generation Ín the 1iver.

An average apparent Km of 1.7 x 70-7 M was calculated
from three sepa ra te experiments on three pool s of liver f rom

fed físh. This va 1ue lies between the apparent Kn of the

mamna l ian hepatic enzyme and the value ca 1cu1a ted for the

liver whole homogenate (Pimlott and EaIes, 1983). It is not

possib 1e to determine which Km ( mic rosonal or whole

homogenate) is more represent a È ive buÈ some comparisons

between kineÈic pârameters are va1id. The Kn and Vmax a¡e

c lear 1y d í fferent between the tL'o fractions but the ratio of

Vmax to Km for each fraction differs by only a factor of 1.6.

This ratio has been proposed by Mo1 and Ví sse r ( 1984 ) as an

index of enzyme ef fi c iency reflectÍng increased prod uc È ion by

the tissue as a whol-e rather than on a per rool-ecule basis,
A1t hou gh the nícrosomal frac t ion was a more pure preparation,

the enzyme in Èhe trout whol.e homogenaÈe was 1.6 times more

efficient than in the rnicrosome fraction.
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Before !he mechanism of reduc t ive deiodination was

undersÈood ' exÈraÈhyroidal 14 to T3 conversion was assumed Èo

be the reverse of int ra th yroida 1 tyrosine iod Ínation. The

latter reaction is oxidative, catalyzed by an íocloperoxidase
with hydrogen peroxide serving as the hydrogen accept or. The

peroxidase anÈâgonist catalase degrades hydrogen peroxide and

is itself inhi bi t ed by sodiurn azide. Azi de did nor af f ecr
deiodinatÍon in trout 1i ver mÍcrosones suggestÍng thaÈ

hepatic T4 to T3 conver s ion is not the reverse of iodination
buÈ a distinct reaction and that azide probably acts
indì.rect1y on the i odo peroxida se ( via catalase). The Iack of
dependence of the hepatic system on iodoperoxidase r+as

confirmed by the ineffectiveness of an iodoperoxidase
inhibiÈor thÍourea in blocking deiod inat ion in either the
trout liver mÍcrosor¡e or homogenate frac t i ons (LeaÈher1and,

1981). The thyroid uptake mechanism is not specific for f-.
0ther anions for exampLe, thiocyanaÈe and perchlorate compete

suc ce ssful ly with iodide for uptake into the g1and. The

Ínhib i t ory role for thiocyanat.e in the 1ive,r relat es to its
simiLarity Èo iodÍde, a po tenÈ ia1 end-produc ! inhÍbitor of
peri.pheraJ- deiodination. Given the small amount of inhibítion
noÈed vith large amount s of XI the ineffectiveness of the
analog thiocyanate was not surprisÍng.

There are sone similarities betr,Jeen Èhe catalyt.ic site
of the manmalian T4 5 t -de iod ínase and the T4 plasma protein
binding si Èe (Chopra eÈ a1., l98O) . ANS, a thyroid hornone

analog, al so competed wíÈh T4 for plasma binding sites in
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trout (S. Golob, unpublished) and ras the most potent

inhibitor of T4 deÍodinaÈion tesÈed. ?he hígh potency of ANS

as a deiodinase lnhibitor was previously denonstrated in
trout liver (Ea1es et a1., 1984 ) and rai l iver homogenates

( C h i r a s e v e e n u p r a p u n d et a1., 1978).

A second T4 analog, sodiuro sa1j.cy1ate, also displaced

thyr oid horrnone fron Èrout plasma protein s (S. Go1ob,

unpublishecl ) but was not as e f fecti ve aÈ inhibiting
deiodinatÍon as .{NS. For example, 5OZ inhÍbition was observed

çith 7 ¡:M ANS buÈ 3 nM salicylate was required to obÈain

comparable inhi bítion. The discrepancy can be explained by

the greater simi 1ar i ty between ANS and Èhe T4 nolecul.e.

Reduc ed glutathione ís a putative deiodÍnase activíting
agent in mamrnals (Visser et a1., 1978). Eales et a1. (1984)

o bse ¡ ved a sL ight increase in *I- production wi th GSH

concentrations below 1nM, but 1itt1e enhancement of

de i od ina ! ion wi Èh GSH was noted Ín the presenÈ sÈudy. In

support of a previous stud y (Ea1-es et a1., 1984), addition of

d i amide (a GSH inhibitor ) accelerated deiodination, providing

indirect ev i d ence that g luta th i one inhibi t s, rather than

actÍvates, T4 de íod i nati on in Èrout.

Sulfhydryl groups Ín the enzyme catalytic site âre

involved in T4 to T3 con ver sion in namnals (Visser, 1979).

Two agents that reacted vith enzyne-SH residues h'ere tesÈed.

N-ethy1 r¡a1eimÍde ir reversibl y car boxynethyla Èes sulfhydryl s

and in the presence of 5 nM DTT inhibired the reaction by 562

at concentrations of 0,1 nM. The reversible binding agent PTU
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al so blocked de i od ina t Íon with 102 activity remaining at 10

nM PTU. The 1ow (0-l0Z) residual acrivÍty wÍth hlgh levels of
PTU could represent a PTU-insensitive, Èype II enzyme.

KineÈic analysis Ín the presence of lO nM pTU or adclition of
larger amounts of inhibitor wourd distinguish beÈween the two

enzyrDe activi Èies.

Assuming the red uc tive d eiod ina t Í on of T4 proceeds wiÈh

the produc ti on of iodide, the reaction shoulcl be end_product

inhÍbi ted by excess iodide. Varying quant i t es of iod ide (as

KI) vere added to sanple incubates. As expected, inhibition
did occur but only at high (lO0 nM) concenÈraÈions of
exogenous íodide. fn a second experÍment, KCl addecl in
ident.ical arDounts resulted in virtually no inhibition; the

effect was Íodide specific.
Resu 1t s o btained from the add i tion of the chelatÍng

agen È s EDTA and EGTA, although not conclusive, point to a

rol e for d i va lent metal ions in 5 t -d eiod inase regulation.
High 1eve1s of. Zn2+ were rneasured in young rat s and

exogenous Cu 2* and Zn2+ ions inhibÍted peripheral conversion
in young anir¡a1s ( Sáto et aL., 1983). The potentiaÈinB effecr
of EDTA was noted in adult animals (VÍsser et a1., i97g); 1O

nM EDTA al.most doubled T3 production in kidney homogenates

( C h i r a s e v e e n u p r a p u n d et a1., 1978). In thi s srucly, EDTA was

nore effective than EGTA in elevating T4 deiodínation.
Perhaps because EDTA is a nonspecific chel-ator it has the
potenÈia1 to complex a wider variety of inhÍbitory divalent
ions than th" Cr2+-"pecific EGTA. ln other words, oÈher
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ions as well as Ca 2+ nay have an i nhi bl tory influence on

deÍodination.

In summary, the use of several modifying agenta has

provided valuable information about the characteristics of

the T4 5r-deiodinase in the hepatic microsome fraction of
rainbor¡ t rout. The enzyne is dífferent fron iodoperoxidase

in the thyroid. There is prelininary evidence Èhat the

bind i ng sÍte for T4 on the plasma proÈeins resenbles Èhe

active site of the deiodinase enzyrne. Diarnide is a moderate

actÍvator of d eÍod i na t ion suggesting GSH is not the

endogenous Èhio1 in this systen. DTT activates T4

dei od ina t ion po ss i b1y by acting as a cofac t or in the

reaction. AddiÈion of either PTU or N-ethyl maleimide to
microsomal suspensions depresses deiodinat.ion. These

nolecules tnhíbir by bindi.ng to suJ.fhydryl groups (incJ.uding

SH r esidues at the caÈalytic site) nakÍng them unavail.able to
reâct rdiÈh the T4 no1ecu1e. Fina11y, chelating agenÈs enhance

T3 producÈion ímplying an inhibitory func È ion for divalent
ions in perÍpheral deiodinaÈion.

SÈarvat.ion induces profound changes in the

extrathyroidal metabolism of thyroid hormones. There is no

question that T4 and T3 plasrna 1eve1s decline in starved

nanmals ånd trout ( Chopra et a1., I980; Flood and Ea1es,

1983). The difficulty l ies in Í nterpre I ing the re3.ationship

beÈween depressed hormone level-s and deiodinaÈion. T4

Èreatrnent over a period of 4 days fu11y rest ored in viÈro

deiodination 1n starved rats ( Chopra et a1., 1980. It
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appears that under starvaÈion condi!ions, the enzyne was

deprived of substrate and unable !o caÈalyze T4 to 13

conversion at a rate conparable to fed animals. Sfnce the

atarved trout were noÈ treated with T4, no conclusíon could

be r¡ade regarding the rol.e of depressed plasna hormone leveLs

in reduced hepatic deiodination. Hovever, inj ec t ion of T4

into s tarved fish foLlowed by t i ssue processi ng and analysis

would yield more information.

The 5 t -deiod ina se 1t s e1f is altered in sone vay during

food deprivation. There is general agreenent in Èhe namnalian

literature ÈhaÈ the Vnax and hence the 1evel of ac!Íve
enzyme is reduced in sÈarva¿ion (Kap1an, L979; Gavín 9! a1.,

1980; Heinen et a1., 1981). Declinlng Vnax ancl Km val ues Ín

starved trouÈ suggest thaÈ enzyEe synthesis is depressed and

the affinity of the pre-ex i st ing enzyne is a 1so altered. The

Vnax to Km ratio is 2.1 times higher, that is the enzyme is
nore efficÍent, in fed fish than in starved flsh. The Vnax

value is changÍng more than the Kn Ín oÈher words, the

depressed quantity of active enzyne is nore relevant than the

al tered enzyne affinity.
Uptake of T4 from the plasrna into the l iver is an

imporÈant internediate s Èep in Èhe hepaÈic deiodination of

ci rcula t ing hormone. Previously considered to dif f use

passively into the ce11, T3 and T4 are now believed Èo be

actively transported across the nembrane involving a Na+ - K+

ATPase (Krenning et a1. , 1978,1981). Any condition Èhat

influences the cel1u1ar 1eve1 of ATP therefore could affecÈ
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the transport of iodothyronines fnto the hepatocyLe.

Krenning et a1 ( 1981) posÈu1ate Èha r fastíng nay result in
dimini shed inÈ racel l ular ATP and subsequently reduce T4

uptake from the plasma.

Reduced availability of sulfhydryl groups as enzyne

cofactors does noÈ appear Èo account for depressecl T3

production in starvation. Bven with Èhe addition of 5 nM DTT

to incubates from starved and fed trout, sígni f icant 1y 1.ess

activity was sti11 noÈed in Èhe livers of starved animals.
These data are ínconsistent with data of Harris et a1. (L97g)

who observed conplete restoration of actívity when DTT was

added to 1i ver honogenates fron starved rats.
In summary, dimì.nished T4 deiodinaÈion in starved

rainbow trout proba b 1y results from an ÍnÈerplay of several
factors: dec l ining plasma hormone 1eve1s, depressed T4 uptake

into the hepatocyÈe, reduced enzyme synthesis, and alteration
of lhe enzyne already present.

The r¡amnalian and trout hepatic T4 5 t-deiodinase are

similar in many fundamental propert.ies. Both are located in
Èhe ER nembranes of the microsome fraction, are ac tivated by

thiols such as DTT and inhibired by the T4 analogs, ANS and

saLicylaÈe. Enzyme sulfhydryls are imporÈant in both systerns

but the exac t nature of the reactíon nechanisn ( sequential or

bisubstrate) ln ÈrouÈ is unknown. overa11., the hepaÈic

deiodination of T4 is simpler in flsh Èhan in namrnals.

fnner ring or 5-de iod ina t i on j.s absent 1n trout and T3

appears to be the end producÈ of T4 deiod i nat ion, subsequent
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metabolites such as 3,5-T2 being undetected by

chronaÈography. The identi ty of the endogenous thiol ln trout
1s unknown but it is probably not GSH, the puta t lve Èhio1 ín
nammals.
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Appendix l.

Calculation of pnol 14 converted (h -1 . !g protein-1);
explanatlon of the equation and sample calcul.aÈion.

pnoles T4 converÈed =

fraction of T4 deiodinaÈed X torå1 T4 added to the incubaÈe

Fracti n of T4 deio inated

abc
(cpn enzvme - cpn control ) x 10.4 x 2

correction for *I contaninâtion in the tracercorrection for usi ng 100 p1 fron a toÈa I volune of 1.04 n1in incubaÈe
2 iodine aÈoDs in th" oï!9I. ring available for labelingtotal counts reference (TCR) of ,fT4 corrected for*I- contaninaÈion I TCR - (cpn control x 10.4) ]

Total T4 a¡!ded to Èhe incubate

fgh
[/*T4 cem x 1.3\ + l] x 1.3
L\(1.s4x10þ)i J

e

cpn in I pCi at 702 counting efficiency
ng T4 1n I ¡Ci calculated fion s.a. of 750

d

a
b

c)
d)

e
f
s
h

uCí/pgcarrier T4 in ng
conversion factor for ng T4 to pnotes T4

Saople cal culation

rsv data: sanple = 1818.4 cpm (nean of 2 values)
control - 976.66 cpn
TCR = ¡93439.0t

pnoles T4 converted:
ri

(18t8.4 - 976.66) r 10.4 x 2
93272.7 4 Iflszztz.74 x r .3\

L\--G.V-;17e¡7
x 1"3

*

* 103430 - (976.ó6 x 10.4)

x +
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Appendix I Continued.

pnoles T4 converted:

- O.26 pnol T4

Drotei and t lme cor rection
pro t eln - 0.32 nglot
incubation tir¡e = 20 Elnutes

0.26 x 3 (!o.çonverr to I h)
o .32

= 2.43 pnol T4 converted ¡-1 . ng protei¡-l
note: see Appendix III for evaluation of carrier T4 present
in the tracer.
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Appendix II.

CalculaÈÍon of pool T3 converted (h-t . ng protein-i).

pnoles T3 converted -
frsc t i on of r3 deiodinated x total T3 added to the incubare

Frac t í on of T3 deiodinated
(c¡n enzvre - cp+ control ) r 10.4

c pn *T3
at

ar) toÈa1 counts reference (TCR) of *T3 corrected
conÈaninaÈion I TCR - (cpn control x lO.4) ]

Total T added to the ncubate

*T3 cpm x
( t.54 x l0b)

ng T3 in I ¡Ci calculated fro0
carr 1e r T3 in ng
conversion fac t or for ng T3 to

for *I-

fl
1.8 x+ 0.8

hr
1.5

f
I
h

s.a. of 550 ¡Cilpg
pnoles T3
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CalculaÈion of poo 1

carrier T4 ( Bolger

Appendix III.

converÈed trith var y ing aDounts of
Jorgenson, 1980).

't4

and

Haxinur: spec l fic activitv of tT4 in the tracer
I if a1l of tbç T4 in the tracer is labeled

= 2.18 x lOa¿ ¡Ci
2 nolecular yeighr of *14 = 172 g/sole

2.18 x 1012 uCi = 2824 yci/pz
7.71 x-Iõõ ,rg-

3 Èwo iodine aÈons

2824x2=5648

s a. of the tracer used in
in the trscerZ labeled T4

outer rÍng of T4 can be labeled

naximun specific âctivi ty

this t.hesls = ISO pCí/ye

- 750
5648

13. 3U

1007. - 13.32 86.72

in the

yCi/ys =

Z unlabeled T4 1n the tracer

T4

A

1n

abcef
= 0.133 x decay factor x cpm*T4 -x L x 1000

1.54 x 10o 750
d

Z labeled T4 in the tracer
correction factor for ,*T4 decay (fron decay chart)total counts reference (TCR) of '*T4 corrected for *I-
contaEination ITCR - (cpn conÈro1 x lO.a) ]cpn in I ¡rCi at 702 count ing efficiency
¡g T4 in I ¡Ci calculared from s.a. of 7SO yCí/pg
conversion factor for ¡g T4 to ng T4

B = anount of unlabeled T4 in the Èracer in nq

âl
B = 0.867 x com *T4 x I

1.54 x 10o 750
x 1000

a
b
c

d)
e)
f)

ar) I unlabeled T4 in the tracer
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pnoles T4

fraction
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Appendix III Continued.

in the tracer ( labeled and unlabeled ) - 6 1 ¡

converÈed . ¡ -l ng protetn -l =

of T4 deiodinated X ¡otaI T4 added to the incubate

Fraction of T4 deiodinated

4
c pm

added to

T

Torâ1 T¿ the ncubate

a
IA + B.+ carrier T4 in ng] x i.3
a) conversion facÈor for ng T4 to pnoles T4

Sanp 1e calculation

raì, data: sanple = 852.30
control - 599.50
TCR = 101351 .27
decaY = O.9549

cpm (nean of 2 values)
c pE

cpn

0.133xO,9549x95t16,47 -r I x1000
1.54 x 10b 750

+
.l x lO-2 ng

*
0.867 x 95116.47 xlEîlo6

t (s99.s x 10.4)
= 7.1 x tO-2 ng

x l0 -2 ng
= 2.582 nE
2.58 ng

pnoles T4 converÈed:

(8s2.30 - 5e?,!_o) x 10.4 x 2
95176.47

t

10r351.27 (s99.s x 10.4)

! x 1000
750

101351.27 -

A + B = 8.2
carr íer T4
total T4 =

- 0.18 prnoles T4

x 2.582 x 7.3
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Appendix IV.

Sanple calculation for g l uc ose-ó-phospha Èase aasay ( Baginski
er al. , 1974).

Phospha te (P) liberared

= Esanple - Econtrol
fron g 1 u c o s e - 6 - p h o s p h a Èe at

x 0.15 []¡nole/assay nixture l

o.D. zoo

is stopped

Estandard

E
o. 38-
0.68
0. 03

P = 0.68 0.03 x 0.15
0.39-

= 0.2ó pnol

proÈei n and tlne correctlon:
protein = 1.5 ng /nl
incubatÍon tlne = 32 alnutes
g 1 u c o s e - 6 - p h o s p h a tase activity =

ng prote n incubate x

. -ìproEetn ¿ ,

sÈandard (1.5 nM phosphate)
sample ( subce1lu1.ar fraction)
control (fraction added after the react.ion

ui th ascor bi c acid/TCA nixture)

n

0.05 pnol P . .g ninute-l



Appendix V.

Relatfve amounts of *r- and *T3 produced frorn *T4 ln mlcrosome lncubales as measured by G-25Sephadex chromarography ( f ine ,u"h; 27.8 x 1.5 crn ) - B";I ;;;-Ìt:"ä'l;ä cpn are correcred for *r_and ^T3 contaninaÈton (10-lz and z.lz respectiver;i ;;'rT;'i.""0"1"ä ,,iin ,,o nicrosomal fractlon.

I-
*

f

Total

9592

12609

Observed

2t6l

1031

Correctlon
Factor

t27 4

290

Corrected

75r

504

887

7 4t

1684

724

967

+
220T3

2 I-

T3

*
0.101 x lotal

+
0.023 x Toral

cpm
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Append i x Fi g ure I Sta ndard curve of phosphate

concentratfons in glucose_6_phosphatase

assay (1.5 nM concentration used in
subseq uent assays). Each point represents
sn average of 2 ÍncubaÈes.
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Append i x Figure 2. Holecular s truc tures of ANS, sodiun

salicylate, PTU, iopanoic acid, GSH, and

DTT (Cteland, t964; Goodman cilnan er

a1., 1980; Lehninger, l9B2; tttindholz,

1983 ) .
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