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Summary 

Premcubatmn of rat liver mlcrosomal fractmn with 1 ~ 2-thlouracfl and 
0.01--1 pM 3,3 ' ,5 ' - t rnodothyronme or 3 ' ,5 '<lnodothyronine,  0.1--10 p~l 
thyroxme or 3,5-dnodothyronme led to a progressive, n'reverslble and con- 
comltant  decrease m subsequently assayed 3,3' ,5 '-trnodothyronine- and 3',5'- 
dnodothyronme-5'-demdmase activity Premcubatmn with thmuracd alone, 
with mdothyronmes alone or with thmuracd and 10 pM thyronme or 3,5- 
dnodotyrosme had no or va'tually no effect. The results indicate that  (1) a 
previously proposed pmg-pong mechamsm for thyroid hormone demdmatmn,  
mvolwng the formatmn of an enzyme-sulphenyl mdlde mtermediate,  is correct, 
(2) thyroxine, 3,3 ' ,5 ' - tnlodothyronIne and 3 ' ,5 '-dnodothyronIne are substrates 
for a common 5'-demdmase, (3) this 5'<lemdlnase is not fully specific as 
regards the position of the iodine substltuents m the substrate, since it also 
appears to catalyse the 5-delodlnatmn of 3,5-dnodothyronme. 

Introduction 

The mare route of metabohsm of 1odoammo acids, both lodotyrosmes and 
lodothyronmes,  Is by means of delodlnatlon. In both instances the enzymatic 
reaction is a reductlve process, yet  different types of enzymes are revolved. 
Delodination of lodotyrosines is catalysed by an enzyme complex, where 
reductlve eqmvalents are supplied by NADPH [1]. Iodothyronme delodmase 
activity LS also located In the microsomal fraction of several tissues, but present 
evidence Indmates that  It constltutes a single enzyme, where reductlve equi- 
valents are supplied by thlols [2,3] 

In the deiodination of 3,3' ,5,5'-tetraiodothyronIne (thyroxine) two types 
of reactlon may be dLstlnguLshed, i.e., de lodmahon of the phenolic nng (5'- 
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delodinatlon) yleldmg 3,3',5-truodothyronlne, and delodmatxon of the tyrosyl 
rmg (5<lexodmatlon), yielding 3,3',5'-triiodothyronme. Both 3,3',5-trnodo- 
thyronme and 3,3',5'-triiodothyronlne are subject to further degradation 
by both 5- and 5'<lelodlnatlon. Of all occurring lodothyronines 3,3',5-tn- 
iodothyronme :s blologmally the most active, suggestmg the de:odxnatlon of 
thyroxme as a possible site for the regulation of thyroid hormone actlvxty 
at the level of penpheral tissues. It has been suggested [4] that 5- and 5'-de- 
lodmat:ons are mediated by separate enzymes (mdothyronme 5-and 5'<lelodl- 
nase). As yet no dxrect ev:dence has been presented to support thxs hypo- 
thesis. On the contrary, subcellular fractlonatmn [5] and subjection of deter- 
gent extracts of mlcrosomes to various analytical techmques [3] have failed 
to separate 5- and 5'<leiodlnase act~vlty. 

Recent fmdmgs [6--9] suggest that demdinatlon follows a pmg-pong mecha- 
msm This involves the transfer of an lodmium mn from the substrate to a sulph- 
hydryl group of the enzyme leading to the formation of an enzyme-sulphenyl 
mdlde (E-SI) complex. The E-SI intermediate is subsequently reduced by 
mercapto compounds (cofactor) to free enzyme. The enzyme is mhlbited by 
derivatives of 2-thiouracfl as these compounds react with the E-SI mtermediate 
formmg an enzyme-thmuracfl mixed dxsulflde (dead-end complex). Th:s is 
substantmted by the fmding that inhibitmn by thxouracfl xs uncompetltive 
with substrate and competltxve with cofactor. Thus, thmuracfl only reacts 
with the enzyme after formatmn of the E~I  mtermedmte and, therefore, 
only ff substrate is present. This appears to be true as bmdmg of radxoactlve 
thmuracfl to rat liver microsomal fraction was specifically mduced by sub- 
strates of the 5'<lexodmase [7,10]. Moreover, the irreversible reactivation of 
thyroxme-5'~lemdmase activity by thmuracil was potentmted by thyroxine 
[71. 

Prewous experiments have mdmated that 5'<teiodmatmn of several lodo- 
thyronmes IS medmted by a single enzyme. Thus, 3,3',5'-truodothyronine is a 
competltxve inhibitor of tf~e 5'<leiodmatmn of thyroxme and wce versa where 
values for Km and K, were found to be ldentmal [11,12]. Furthermore, the 
effect of pH on the 5'-delodmatmn of 3,3',5'-tnlodothyronme and 3',5'<h- 
mdothyronme was found to be very similar [13]. Based on the above model 
thin has now been tested more directly by studymg the effects of preincubation 
of enzyme wxth thmuracfl m the presence or absence of several mdothyronmes 
on the subsequent assay of 5'<lemdmase actxwty. Enzyme activity was 
destroyed by coincubation with thiouracfl and 3,3',5'-trnodothyronme, 3',5'- 
dnodothyronme, thyroxine or, though to a lesser extent, also with 3,5-dl- 
mdothyronme but not with 3,5<hmdotyrosme or thyronme. These results 
indmate that thyroxine, 3,3' ,5'-tnmdothyronme and 3',5'<luodothyronme are 
indeed substrates for a common 5'<leiodmase. The specffic:ty of thin enzyme, 
however, is not complete" since it also appears to catalyse, though with lesser 
efficiency, the demdinatIon of 3,5<hmdothyronme. 

Matenals and Methods 

Matenals 
L-Thyronine, 3,5-dnodo-L-thyronme, 3',5'-dndo-L-thyronme,3,3',5'-trnodo- 
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L-thyronme, L-thyroxme and 3,5<tnodo-L-tyrosme were of  the highest purity 
available and were purchased from Hennmg Berlin GmbH.,  F.R.G. The purity 
of  3 ,5<lnodothyronme was checked by high-performance hqmd chromatog- 
raphy. It was found to contain no (<:0.1%) 3 ' ,5 '<hmdothyronme or 3,3' ,5'-tn- 
mdothyronme (T.J. V:sser, unpubhshed data) 

Methods 
Rat hver mmrosomal fraction was prepared essentially as described [2].  

Ahquots of this preparation (final protem concentration 400 pg/ml) were 
incubated at 37°C with 1 pM thmuracfl and various concentrations of  mdo- 
ammo acids or thyronme m 0 05 M sodmm phosphate/3 mM EDTA/0 1 mM 
dlthmthreltol  (pH 6.5). After 30 mm the reaction mixtures were diluted 10- 
fold by the addltmn of 0.05 M sodium phosphate/3 mM EDTA (pH 6.5) at 
0°C. In control experiments, mlcrosomes were incubated without  mdoammo 
acids or thyronme whmh were added only after the dilution of  the reaction 
mixtures. The resultmg suspensions were kept  at 0°C until the second mcuba- 
tmn. For this, ahquots of  the mixtures were mcubated at 37°C with equal 
volumes of 0.05 M sodium phosphate/3 mM EDTA/2 mM d:thmthreltol  (pH 
6.5) contammg 2 pM 3 ' ,5 ' -dnodothyronme or 0.5/~M 3,3 ' ,5 ' - t rnodothyronme.  
After 15 mm the reaction was stopped by the addltmn of 9 vol. 0.06 M sodmm 
barbltone/0 15 M NaC1/0.1% bowne serum albumin/0 1% sodium dodecyl  
sulphate (SDS) (pH 8.6) at room temperature.  In controls, substrate was 
added only after the SDS buffer. The products  formed (3 ' -mdothyromne and 
3,3 ' -dnodothyronme,  respectively) were measured m duphcate directly m 50 pl 
of  the extracts by specific radmlmmunoassays [ 12,13 ]. 

In a similar type  of experiment mmrosomes were premcubated for 30 mm at 
37°C with 1 mM N-ethylmalelmlde and 0.1--1 ~M 3 ' ,5 '<lnodothyronme.  The 
reaction mixtures were now diluted with 0.05 M sodmm phosphate/3 mM 
EDTA/2 mM dlthmthreltol  (pH 6.5) to block unreacted N-ethylmalelmlde. The 
subsequent  assay of 5'-demdmase act lwty with 3 ' ,5 ' -dnodothyronme as the 
substrate was performed as described above. 

Results 

Premcubatlon of rat hver mlcrosomal fraction with thlouracil alone or with 
lodothyronmes alone did not  affect the 5'-delodmatlon of  3,3' ,5'-trnodo- 
thyronme or 3 ' ,5 ' -dnodothyronme m the second incubation. However,  comcu- 
batlon of mmrosomes with 1 pM thlouracfl and 0.01--1 pM 3,3' ,5 '-trnodo- 
thyronme,  0.01--1 pM 3 ' ,5 ' -dnodothyronme,  0.1--10 pM thyroxme or 0.1--10 
pM 3,5-dnodothyronme resulted a progressive, irreversible loss of  3,3' ,5'-tn- 
lodothyronme-5'-delodmase activity (Fig. 1) After incubation of  mmrosomes 
with thlouracil m the presence of  10 pM thyronme or dnodotyrosme,  3,3',5'- 
t rnodothyronme-5'<lelodmase activity was found to be 91 + 9% and 80 -+ 7% 
(mean + S D ,  n = 6) of  the control value, respectively The presence of  as low 
as 0.01 pM 3,3 ' ,5 ' - t rnodothyronme or 3 ' ,5 '<inodothyromne m the premcuba- 
tmn resulted m a loss of  60% of enzyme activity m both cases The add~tmn of 
0 I #M thyroxme or 1 ~M 3,5-dnodothyronme to the reaction mixtures during 
the premcubatmn led to irreversible decrease m 5'-demdmase actlv:ty by 40 and 
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Fig.  1. E f f e c t  o f  p r e m c u b a t l o n  o f  r a t  h v e r  m i c r o s o m a l  f r a c t i o n  w i t h  1 ~uM t h m u r a c f l  w i t h  or  w i t h o u t  
v a r i o u s  c o n c e n t r a t i o n s  o f  3 , 3 ' , 5 ' - t r n o d o t h y z o n m e  ( rT3 )  , 3 ' , 5 ' - ¢ h l o d o t h y r o n m e  (3 ' , 5 ' -T2)°  t h y r o x i n e  ( T 4 )  
or  3 , 5 - d u o d o t h y r o n m e  (3 ,5-T 2)  on  the  s u b s e q u e n t  assay of  3,3',5'-trslodothyronme-5'-demdmase a c t i v i t y .  
F o r  de ta i l s  see t e x t  Resu l t s  are e x p r e s s e d  as p e r c e n t a g e  o f  c o n t r o l  a n d  are  Vjven as m e a n  + S D 

(n = 4---8) 

Fig.  2 E f f e c t  o f  p r e l c u b a t l o n  o f  r a t  l iver  m l c r o s o m a ]  f r a c t i o n  wl th  1 pM th louracf l  w l th  or w i t h o u t  

v a r m u s  c o n c e n t r a t l o n s  of  3 ' . 5 ' - d u o d o t h y r o n m e  ( 3 ' , 5 ' - T 2 )  , t h y r o x i n e  (T 4)  or  3 , 5 - d l m d o t h y r o n m e  

(3°5-T 2)  on  the  s u b s e q u e n t  assay  o f  3 , 3 ' , 5 ' - t n l o d o t h y r o n m e - S L d e l o c h n a s e  (o)  a n d  3 ' 0 5 ' - d u o d o t h y r o n m e  

5 ' - d e l o d m a s e  (m) ac t lv l ty  For  de ta i l s  see t e x t ,  Resu l t s  are  e x p r e s s e d  as p e r c e n t a g e  of  c on t ro l  and  are  g lven 
as mean-+  S D  (n = 4 - - 8 ) .  

60%, respectively (Fig. 1). Under the conditions tested, maximum mhlbltlon 
was obtamed with 0.1 pM 3,3 ' ,5 ' - tn lodothyronme or 3 ' ,5 '<1nodothyronme, 
1 pM thyroxine and 10 pM 3,5<1nodothyronme and amounted  to approx. 80%. 
Fig. 2 shows that comcubat lon of  microsomes with 1 pM thlouracfl and 
mcreasmg concentrations of  3',5'<11iodothyronme, thyroxme or 3,5<11- 
lodo thyronme led to a progressive, parallel loss of  3 ' ,5 ' - t rnodothyronlne- and 
3 ' ,5 '-dnodothyronme-5'<1elodmase actlwty.  Irrespective of  the substrate used 
m the second incubation,  virtually maxnnum mhlbltmn was reached agmn usmg 
0.1 pM 3' ,5 '<1nodothyronme, 1 pM thyroxme or 10 pM 3,5<1nodothyronine, 
and m these experiments amounted to approx.  70%. 

Even after the subsequent  addltmn of excess dlthmthreltol ,  3',5'<1nodo- 
thyronme-5'<1elodmase activity was found to be greatly mhlblted following the 
reactmn of nucrosomes with 1 mM N-ethylmalelmlde. Compared with the 
control  experiment,  where N-ethylmalelmlde was added only after the dlthm- 
threitol,  only 4--5% of demdlnase activity was left. The presence of  0.1 or 
1 pM 3' ,5 '<1nodothyronme dunng the premcubatmn did no t  protect  agmnst 
the inhibitory act lwty of  N-ethylmalelmlde. Thin resulted only in an increase in 
the subsequent  5'<1elodmatmn of 3 ' ,5 ' -dl lodothyronme to 7--8% of the 
control.  
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Discussion 

The conditions for the expemments described m the previous section were 
chosen such that  concentratmns of thlouracfl and lodothyronmes were high 
enough m the first mcubatmn to ensure a proper mteractlon with the enzyme. 
After dilution, the concentrations of these compounds would need to be 
decreased as much as to prevent the mterference with the subsequent assay of 
delodmase activity. Prewous studms had shown that  0.1 and 1 gM thlouracll 
inhibits enzyme activity by 25 and 75%, respectively, m reaction mLxtures con- 
taming 0.1 pM 3,3 ' ,5 ' - t rnodothyromne (substrate)/1 mM dlthlothreltol (cofac- 
tot) at pH 6.5 [14]. In the present expemments, the m:xtures contmned 1 gM 
thlouracll/0 1 mM dlthlothreltol m the f~rst, and 0 05 pM thlouracll/1 mM 
dlthlothreltol m the second mcubatmn. At pH 6.5 m the presence of 3 mM 
dlthmthre:tol ,  Km values for thyroxme,  3,3 ' ,5 ' - t rnodothyronme and 3',5'-dl- 
mdothyronme are 3, 0.04 and approx. 0.1 gM, respectively (Refs. 12, 13, D. 
Fekkes, E. van Overmeeren and T.J. Vlsser, unpubhshed work). Demdmatmn 
rates of 3,3 ' ,5 ' - t rnodothyronme and 3 ' ,5 ' -dnodothyronme are also much higher 
compared w:th thyroxine [13] The concentratmns of 3,3 ' ,5 '- trnodothyronlne,  
3 ' ,5 ' -duodothyronme and thyroxine were at the most 1, 1 and 10 pM m the 
first, and 0.05, 0.05 and 0.5 pM, respectively, m the second mcubatmn.  In the 
presence of saturatmg concentratmns of substrate m the second mcubatmn,  the 
httle amount  of mdothyronme carrmd over from the f:rst mcubatmn would, 
therefore, not  interfere w:th est:matmn of enzyme actlwty. These consldera- 
tmns were borne out by the fmdmgs that  enzyme act:v:ty measured after 
mcubatmn of mmrosomes w:th thmuracil alone or w:th mdothyronme alone 
was not  different from the control expemment. 

It has been shown prewously that :n the presence of substrate the reactmn of 
th:ouracll with the 5'-demdmase leads to an lrrevers:ble mact:vatmn of the 
enzyme [6--8]. This :s probably the result of the formatmn of an enzyme- 
thmuracfl mLxed d:sulflde by reactmn of thmuracfl w:th an enzyme-sulphenyl 
mdlde (E-SI) mtermedmte. Leonard and Rosenberg [7] also found some mh:b:- 
tmn by propyl-thmuracfl (PTU) m the absence of substrate. This d:screpancy 
w:th our observatmns may be due to different expemmental condltmns, as 
these workers used high concentratmns of PTU (10 #M compared with 1 pM 
thmuracfl used m our study) m the pre-lncubatmn, and low concentratmns of 
d:thmthre:tol  (0.1 mM vs. 1 mM used here) to assay 5'-delodmase actlwty. We 
have now demonstrated that  premcubatlon of rat hver m:crosomal fractmn 
w:th thmuracil and low concentratmns of 3,3 ' ,5 ' - t rnodothyronme, 3',5'-dl- 
mdothyronme or thyroxine results m a decrease m the subsequently assayed 
5'-demdmase activity. These fmdmgs not  only confirm the proposed mecha- 
msm of mh:bltmn by thmuracfl, but also prove that  indeed these mdothyro-  
nines are substrates for a common 5'-demdmase. This is substantmted once 
more by the observatmn that  the 5 '-demdmatmns of 3,3 ' ,5 ' - t rnodothyronme 
and 3 ' ,5 ' -dnodothyromne were affected to very similar extents depending on 
the condmons  dunng the premcubatmn. The specffmlty of  the mactlvatmn 
process :s illustrated by the fmdmg that  the mhlbltory act:v:ty of thmuracfl :s 
not  or virtually not  expressed m the presence of high concentratmns of thyro- 
nme or dnodotyrosme.  Moreover, the relat:ve act:wty of thyroxme,  3,3',5'-tm- 
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lodo thyronme and 3 ' ,5 ' -dnodothyronme m the induction of  dead-end com- 
plex formation by thlouracll mirrors their performance as substrates for the 
5'<ielodmase. This is further support  for the concept  that  compounds  whmh 
assist in the inactivation of  the 5'-deiodmase by thlouracfl are also substrates 
for this enzyme. 

Thus, there appears to be an absolute requirement for the presence of  sub- 
strate in the n'reverslble reactivation of  the 5'<ieIodmase by thlouracll. 
Unexpectedly,  3 ,5<hlodothyronlne also fulfilled this requirement,  despite the 
absence of  iodine substl tuents in the 3' and 5' positions. From these results it is 
inevitable to conclude that 3,5<il]odothyronme is also delodlnated by  the same 
enzyme which mediates the 5'<ielodlnatlon of  other lodothyronmes.  Both 5- 
and 5'-delodlnatmns may, therefore,  be catalysed by the same enzyme. 
Whether this lmphcates that  only a single enzyme is involved in the entire 
sequential delodlnatlon of  thyroxine remains to be investigated. Pubhshed 
observations of the demdlnatmn of thyroid hormone in v]vo and in vitro are 
best explained by the two-enzyme hypothesis.  If this hypothesis proves to be 
correct our results indicate that  these enzymes do not  display full specificity. 
Recent  studms have also shown that  at high concentrations 3 ,5<hiodothyronme 
is a competit ive inhibitor of  the 5 '<iemdmatlon of  3 ' ,5 '<tnodothyronine (K~ 10 
pM, D. Fekkes,  E. van Overmeeren and T.J. Visser, unpublished data). 

The experiments mvolwng N-ethylmalelmlde were also intended to give an 
answer to the question concerning the substrate specificity of  the 5'-delodlnase. 
If the enzyme-sulphydryl  group actively mvolved m the demdmatmn process, 
were the only one exposed to the environment,  one would antmlpate that  
occupatmn of the active site with substrate would prevent N-ethylmalelmlde 
from blockmg this group. In that  case it would be possible to test by an 
entirely different approach which lodothyronmes are substrates for a common 
enzyme. 

The results once again demonstrate that  thyroid hormone<lelodlnatmg 
enzymes contam one or more essential cysteme residues. The failure of  3',5'- 
dnodo thyronme to protect  against the mactIvatlon by N~ethylmalelmlde may 
suggest that  the catalytic thml group is not  shielded sufficiently by the sub- 
strate under the conditions tested. It may also mdmate that  essential sulphydryl 
groups are also located outside the active site of  the enzyme. 

In conclusmn, the present paper demonstrates that 3 ,5<hmdothyronme is 
deIodmated by the enzyme catalysmg the 5'-delodInatlon of  other  lodothyro-  
nmes. The results at least mdlcate that  thyroid hormone-deIodmatmg enzymes 
do not  display full specificity with respect to the position of  the mdme atoms 
m the substrate. 
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