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Summary 

Enzymm activities catalyzing the reductlve 5'<lelodlnatlon of  thyroxine and 
3,3',5',-trnodothyronyne were solublhzed from rat kidney mycrosomes by  treat- 
ment  with 0 2 %  deoxychola te  Deoxycholate  reversibly inhibited the 
enzyme(s),  removal of  detergent restored actywty and resulted m the formation 
of enzymatycally active aggregates with a buoyant  density of  1 17 g/ml resem- 
bling that of membranes Fractlonatyon of  the solublllzed membrane compo- 
nents in the presence of  0 2% deoxychola te  by either gel filtration or sucrose 
gradient centnfugat lon reactivated the enzyme(s) and activity could be restored 
by the addition of  partially purified soybean phosphollplds, this allowed some 
of the physical properties of  the enzyme(s) to be determined 5'-Delodlnatlng 
act lwty of both  thyroxine and 3,3 ' ,5 ' - t rnodothyronlne was associated with 
protem(s) with s20,w of 3 5 S, Stokes'  radms of 32/~,  and a calculated mole- 
cular weight of  49 900 A partial speclfm volume of 0 74 cm3/g was calculated 
from sedimentation in 2H20 and H20 sucrose gradients Phosphohpld reactiva- 
tion of lipid-depleted enzyme preparations was concentration-dependent,  with 
near maximal restoratmn when sufficient phosphohpld was added to restore 
the phosphohpld protein ratio to that  of  the renal mmrosomes The enzyme 
protem(s} catalyzing the 5'-delodlnatlon of  thyroxine and of  3,3',5'-trymdo- 
thyronme could not  be resolved by  sedymentatmn or molecular sieving and 
showed similar behavior toward deoxychola te  solubllyzatmn and phosphohpld 
reconstl tut lon 

* Present address Thyroid Umt, Peter Bent Brtgham HosPital Dlvlmon of Afhhated Hospttal Center, and 
Harvard Medical School ,  Boston,  MA 02115 U S A 

Abbrevmtlons T 4 3,5,3',5'-tetratodothyronme, T 3, 3,5,3'-truodothyronme, rT3, 3,3' ,5'-trnodothyronme 
For ' tetralodothyronme' read thyroxine 
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Extrathyroldal delodmahon constitutes a major pathway of  thyroid hor- 
mone metabohsm Removal of a smgle mdme atom from thyroxine (T4) 
results m either hormone actlvatmn (T3 formatmn) or hormone mactlvatmn 
(rT3 formatmn) wa 5'<lemdmatmn or 5-demdmatmn, respechvely, and pro- 
wdes most of the circulating T3 and rT3 [1--3] 

Extrathyroldal T3 formatmn is catalyzed by thyroxine 5'-demdmase, a thml 
dependent enzyme assocmted with membrane fractmns obtained from hver and 
kidney tissue [4--9] Non-protein thmls, including reduced glutathmne, have 
been shown to modulate the 5 '-demdmatmn of T4 [10--13] and studms m wtro 
suggested that  reduced thmls participate m the reachon as a second substrate 
[3,5,13,14]. Thml dependent 5 '-demdmatmn has also been shown to be an im- 
portant  pathway of rT3 metabohsm [1--3]. Reported slmflarltms m subcellular 
d ls tnbutmn [9], effects of mhlbltors [7,11,14], and a mutually compehtlve 
mhlbltmn of 5 '<lemdmatmn by either T4 or rT3 [6,11] led to the proposal that  
T4 and rT3 are 5'<temdmated by the same enzyme [3,11,14], however, the 
data do not  rule out the possibility that  separate enzymes catalyze the reduc- 
tlve demdmatmn reactmns 

Recently, we prepared a soluble preparatmn of te t ramdothyronme 5'~lemdl- 
nase by treatment of renal membranes with deoxycholate [13] We have fur- 
ther characterized the solubfllzed enzyme with regard to the 5 '-demdmatmn of 
both T4 and rT3 Gel hl t ra tmn of the deoxycholate soluble enzyme resulted m 
co-elutmn of the 5'-demdmases for both te t ramdothyronme and 3,3',5'-tn- 
mdothyronme The solubfllzed enzyme m the presence of detergent has a mole- 
cu]ar weight of 49 900, detergent removal resulted m the formatmn of enzy- 
matmally active aggregates with a density of 1 17 g/ml Sucrose density gra- 
dmnt centrffugatmn and gel ffltratmn, done m the presence of detergent, 
resulted m large losses of demdmatmg achwty  whmh could be restored by addl- 
tmn of  a mixture of soybean phosphohplds 

Matermls and Methods 

L-[3'- or 5'-12SI]T4 (155 C:/mmol), L-[3'- or 5'-l:SI]rT3 (at least 750 C1/ 
mmol) and [3H]deoxychohc acid (4 C1/mmol) were purchased from New Eng- 
land Nuclear Asolectm was purchased from Associated Concentrates Iodo- 
thyronmes and 2H20 were purchased from Calblochem Bovine serum albumin 
and catalase (bovine hver) were purchased from Sigma Sephadex G-200, 
Sepharose CL-6B, aldolase, ovalbumm, chymotrypsmogen,  nbonuclease A and 
Blue Dextran were purchased from Pharmacla Rabbit antlsera to T3 and goat 
anti-rabbit 7-globuhn serum were obtained from Antlbodms, Inc. All other 
reagents were of the highest purity available and were obtained from commer- 
cial sources 

E n z y m e  source 
Rat kidney mmrosomes were prepared by differential centrlfugatlon as 

described prexaously [5] and served as the source of lodothyronme 5'-delodl- 
nase achvlty Renal mmrosomes were suspended at 10 mg protem/ml m 250 
mM sucrose, 20 mM Tns-HC1 buffer pH 7 5 containing 1 mM EDTA and 1 mM 
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dl thmthrel tol  and could be kept for up to 6 months a t - -70°C with httle or no 
loss of  enzyme act~wty 

Enzyme assays 
Tetrazodothyronme 5'-dezodmase Enzyme activity was determined by mea- 

suring the amount  of T3 formed from L-T4 as previously described [13] The 
amount  of  newly formed T3 was determined by either a radlometrm assay mea- 
suring [12SI]T3 formation from L-[3'- or 5'-12SI]T4 after paper chromatographm 
separation of lodothyronmes [13], or by a radlolmmunoassay for T3 [8] When 
T3 formation was measured by radmsmmunoassay, reactmn m~xtures contained 
m a total volume of 200 pl 20 pmol potassmm phosphate buffer (pH 7 0), 0 2 
pmol EDTA, 0 2 pmol dl thmthrel tol ,  2 nmol L-T4, and enzyme The reactmn, 
camed out  at 37°C, was started by the addxtmn of enzyme, and stopped 30 
mm later by addl tmn of 400 tll of cold (4 ° C) ethanol and the tubes were kept 
at 4°C for 16 h prmr to clarffmatmn by centrffugatmn Recovery of T3 m the 
ethanol extracts was 89 + 4% The rabbit antiserum to T3 showed the following 
cross reactlwtms L-T4, 0 11% and L-rT3, 0.05% Assays were done m trlphcate 
with t~ssue-free or boiled tissue blanks as controls One umt of  enzyme act~wty 
represents the formatmn of 1 pmol T3 from L-T4 per mm 

3,3',5'-Truodothyronme 5'-de,odmase assay 5'<lemdmatmn of rT3 was 
determined by measurmg the [125I]mdlde hberated from L-[3'- or 5'-12SI]rT3 
as described prewously [14] In brmf, mdlde and mdothyronmes were sepa- 
rated by ran-exchange chromatography on Dowex 50W-X2 Reactmn mixtures 
contained m a total  volume of 100 pl 10 pmol potassmm phosphate buffer 
(pH 7 0), 0 1 pmol EDTA; 0 1 pmol dl thmthrel tol ,  100 pmol L-J3'- or 5'-12sI]- 
rT3 (1000 cpm/pmol),  and enzyme. Incubatmns, done at 37°C, were started 
by the addltmn of enzyme and stopped usually after 10 mm by the addltmn of 
200 pl of an me-cold solutmn containing 10 pM T4 and 10 pM 6-n-propyl- 
thmuracfl. Reactmn m~xtures (200 pl ahquots) were apphed to 3 ml columns 
of Dowex 50W (equilibrated m 1 74 M acetm acid) and mdlde was eluted with 
two successive 5 ml addltmns of  1.74 M acetm acid Assays were done m tn- 
phcate with tissue-free or boiled tissue blanks as controls One umt of enzyme 
act~wty represents the release of 1 pmol I- f rom rT3 per mm. 

Solubzhzat, on A standard method for solubfllzmg mdothyromne  5'<lemdl- 
nase was adopted A 5% solutmn of sodmm deoxycholate  (three-times recrys- 
talhzed from 80% acetone/H20) was added (final concentratmn 0 2%) to renal 
mmrosomes suspended at 5 mg protem/ml m 250 mM sucrose 20 mM Tns-HC1 
1 mM EDTA 1 mM dlthmthrel tol  (pH 7.5). After 20 mm at 4°C the suspen- 
stun was centrifuged at 250 000 × gma. for 30 mm m a Beckman type 65 rotor 
The clear supernatant,  after centrffugatmn, was referred to as the 'deoxycholate 
extract '  [13]. When approprmte, the deoxycholate  extract was concentrated by 
ultraffltratmn on a PM-10 ultrafflter (Ammon). 

Sucrose grad~en t centnfugatzon 
Sedimentation was done on 5--20% hnear sucrose gradmnts contammg 20 

mM Tns-HC1 1 mM EDTA 1 mM dlthlothrestol 0 2% deoxycholate (pH 7.5 at 
4°C) as described by Martin and Ames [15]. Gradmnts were centrifuged at 
175 000 ×gmax for 16 h at 4°C m a Beckman SW 50 rotor,  and 30 fractions 
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(20 drops each) were collected, bot tom to top Fractions obtained from gra- 
dmnts of the 'deoxycholate extract '  were supplemented with 50 pg of soybean 
phosphohp~d and treated with Dowex 1 resin pmor to enzyme assay (see 
below) Sedimentation coeffmlents were determined by the method of Clarke 
[16] Partml specific volumes (U) were estimated by comparmon of sedimenta- 
tmn on 5--20% hnear sucrose gradmnts prepared m H20 and 90% 2H20 as 
descmbed by Clarke and others [16--18] Values of s20,w and ~ for standard 
proteins were obtained from the literature [19,20] 

Isopycmc banding expemments were done on hnear 10--60% (w/v) sucrose 
gradmnts containing 20 mM Tns-HC1 1 mM EDTA 1 mM dlthmthreltol  (pH 
7 5) Centrffugatmn was done at 175 000 ×gmax for 24 h at 4°C and 20 frac- 
tmns were collected, bot tom to top, as descmbed above Enzyme assays were 
done without  remowng sucrose from the fractions 

Gel fdtratlon 
Sephadex G-200 and Sepharose CL-6B were equilibrated m 20 mM Tns-HC1 

1 mM EDTA (pH 7 5) and 0 9 × 58 cm (Sephadex G-200) and 1 5 × 85 cm 
(Sepharose CL-6B) columns prepared at 4°C Column void volumes and total 
column volumes were determmed with blue dextran and 3H20, respectively 
The columns were re-equilibrated with buffer containing 1 mM dlthmthreltol 
and 0 2% deoxycholate pmor to gel hl t ra tmn of the deoxycholate extract 
Iodothyronme 5'-demdmase activity was assayed after supplementing column 
fractmns w~th 200 pg soybean phosphohpld and remowng deoxycholate by 
Dowex 1 treatment (see results) The Stokes' radms, Rs, was determined 
graphmally from a plot of K~/3 vs Rs as proposed by Porath [21], catalase, 
aldolase, ovalbumm, bowne serum albumin, chymotrypsmogen and mbo- 
nuclease A served as reference proteins 

Analy tzcal rnethod~ 
Protein determinations were done by the method of Lowry et al [22] with 

crystalhne bovine serum albumin as the protein standard Samples containing 
deoxycholate were hrst  treated with Dowex l-X2 to remove detergent pmor to 
protein estimation. The dye-binding method of Bradford [23] was used to 
quantltate protein m fractmns obtained after sucrose gradmnt centmfugatmn 
The phosphohpld content  was estimated from total phosphate determmatmns 
done by the method of Fmke and SubbaRow [24] Greater than 89% of the 
phosphate present in the mmrosomal membranes was extracted by chloro- 
form/methanol  (2 1, v/v) t reatment of the membrane preparatmns 

Results 

Solubd~zatzon with deoxycholate 
We previously reported that  t reatment of renal mmrosomes with 0 2% 

deoxycholate solublhzed T4 5'-delodmatmg activity [13] However, detergent 
removal was requmed for optimal recovery of enzyme activity and thin proce- 
dure rendered the enzyme insoluble Thin led us to explore, m detail, the solu- 
blhzatlon of renal te t ra lodothyronme 5'-delodmase and to examme the ablhty 
of such preparations to catalyze the 5'-delodmatlon of rT3 
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Fig 1 E f f ec t  of  m c r e a m n g  concen t r a t aons  of  d e o x y c h o l a t e  on  the  so lublhza taon  of  l o d o t h y r o m n e  5 '-delo-  
chnase (A)  Rena l  m l c r o s o m e s  were  s u s pe nde d  a t  a final c o n c e n t r a t i o n  of  5 m g  p ro t e in  pe r  ml  m 250  m M  
sucrose ,  20 m M  Tns-HCI  bu f fe r ,  p H  7 5, a t  4°C con ta in ing  1 m M  E D T A ,  1 m M  chthxothrei tol  an d  increas-  
ing a m o u n t s  of  d e o x y c h o l a t e  (0 - -5  m g / m l )  The  so lub lhza t ion  r m x t u r e s  were  k e p t  a t  4°C for  20  m m  and  
t h e n  cen t r i f uged  a t  250  0 0 0  × g m a x  for  30 m m  The  c lear  s u p e r n a t a n t s  were  co l l ec ted  an d  d c o x y c h o l a t e  
r e m o v e d  b y  D o w e x  I a d s o r p t i o n  The  c o r r e s pond ing  pel le ts  were  su sp en d ed  m 2 5 0  m M  sucrose  20 m M  
Tns -HCI  bu f fe r ,  p H  7 5, a t  4°C,  c o n t a m i n g  1 m M  E D T A  an d  1 m M  dath lo thre l to l  I o d o t h y r o n m e  5'-de- 
iodlnase  actxvltles ( t e t r a l o d o t h y r o n m e  and  3 , 3 ' , 5 ' - t r n o d o t h y r o n m e )  were  assayed  a t  0 5 DM T 4 a n d  0 5 
/~M r T 3 ,  respec t ive ly  T 3 f o r m a t l o n  was  d e t e r m i n e d  by  r a d l o m e t r l c  m e t h o d s  • -" 3 , 3 ' , 5 ' - t r n o d o -  
t h y r o n m e  5 ' - de lodmase  ac t iv i ty ,  • • t e t r m o d o t h y r o m n e  5 ' -de lodlnase  ac t iv i ty  (B) Pro te in  ( • ) a n d  
p h o s p h o h p l d  ( • )  (expressed  as to ta l  p h o s p h a t e )  c o n t e n t  of  the  d c o x y e h o l a t e  so lub lhzed  f rac t ions  as pre-  
pa red  above  

The data m Fig. 1A show the effects of increasing concentrations of  deoxy- 
cholate on the solublhzatlon of renal te t ralodothyronlne and 3,3',5'-trllodo- 
thyronme 5'<lemdmase. Both enzyme activities showed solublhzatlon optima 
between 0 15 and 0.25% deoxycholate,  with 55--75% recovery of  membrane- 

T A B L E  I 

E F F E C T  OF D E O X Y C H O L A T E  ON I O D O T H Y R O N I N E  5 ' - D E I O D I N A S E  A C T I V I T Y  

Rena l  m i c r o s o m e s  and  d e o x y c h o l a t e  ex t r ac t s  were  prepaxed  an d  [ 3 H ] d e o x y c h o h c  ac id  was  a d d e d  to  the  
d e t e r g e n t  ex t r ac t s  to  ac ineve  a final spec r a d i o a c t  of  5 0 0 0 0  c p m / m g  d e o x y c h o l a t e  25  m g  of  D o w e x  1 
was a d d e d  to  increas ing  v o l u m e s  of  the  e x t r a c t  a nd  the  m i x t u r e s  k e p t  a t  4°C for  20  m m  Resin was  
r e m o v e d  b y  f d t r a t l o n  and  10/~1 a h q u o t s  o f  t he  fd t r a t e  assayed  for  t h y r o x i n e  a n d  3 , 3 ' , 5 ' - t r h o d o t h y r o n m e  
5 ' - d e l o d m a s e  ac twl t les  a t  10 /zM T 4 a nd  1 /zM r T 3 ,  r e s pe c twe ly  T 3 f o r m a t i o n  was  q u a n t l t a t e d  b y  radlo-  
n n m u n o a s s a y  D a t a  are  r e p o r t e d  as the  m e a n s  of  t r l phca t e  de t e rmina t aons  Res idual  d e o x y c h o l a t e  was 
d e t e r m i n e d  o n  50 #1 a h q u o t s  of  the  h l t r a t e s  c o u n t e d  in 10  m l  o f  s c m t d l a t l o n  cock ta i l  (Scmtaverse ,  Fisher  
C h e m  Co ) 

E n z y m e  D o w e x  I /  Res idua l  T e t x a l o d o t h y r o n m e -  3 , 3 ' , 5 ' - t r n o d o t h y r o n i n e  
source  d e o x y c h o l a t e  d e o x y c h o l a t e  5 '-deiod~n.~e 5 ' -de lodinase  ( p m o l  I -  

(mE/rag)  ( m g / m l )  ( p m o l  T 3 r e l e a s e d / m m )  
f o r m e d / 3 0  r a m )  

Rena l  m l c r o s o m e s  

D e o x y e h o l a t e  
e x t r a c t  

0 0 9 4  8 6  

0 2 0  4 1  3.8 
12 1 3  6 5  6 0  
15 1 1  7 4  6 8  
20 0 .8  8 0  7 3 
30  0 6  8 0  7 3  
60 0 3 5.6 5 1 
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bound activity m the soluble fractmn The composltmn of the solubfl~zed fraco 
tmns is shown in Fig 1B Optimal solublhzatlon with respect to enzyme activ- 
ity (1.e, 0 2% deoxycholate) was accompanied by partml dehpldatlon, as 
judged by the relative recovery of phosphate and protein in the soluble frac- 
tmn Treatment of mmrosomes with at least 0 3% deoxycholate restored the 
protem-phosphohpld ratm of the detergent extract to that  of the mlcrosomal 
fraction but led to a considerable decrease in recovery of enzyme activity (Fig 
1A) 

The effects of increasing the Dowex 1 detergent ratio on the recovery of 
5'<lelodmase activity are shown m Table I Enzyme assays done in the presence 
of 0 2% deoxycholate,  the concentration used for solubfllzatlon, showed less 
than 10% of the enzyme actlwty found in the absence of  detergent [13] A 10- 
fold dilution of the deoxycholate extract achmved during the enzyme assay 
restored 45% of the enzyme activity. Treatment of the deoxycholate extract 
with increasing amounts of Dowex 1 prmr to enzyme assay resulted m 
Increased 5'-demdlnatmg activity, optimal recovery of enzyme actlwty was 
achmved with a resm detergent ratio of 20 (Table I). Although the deoxy- 
cholate concentration was further reduced by treatment with larger amounts of 
Dowex 1 (resin detergent ratio of at least 50), the recovery of enzyme 
decreased, possibly due to adsorption of the enzyme on the amon-exchange 
resin In all subsequent experiments, enzyme solutmns containing 0 2% deoxy- 
cholate were treated with Dowex 1 (40 mg/ml) for 20 mln at 4°C, the resin 
removed by filtration on glass wool and the filtrate used for enzyme activity 
measurements 

Isopycmc bandmg of  solubdzzed ~odothyronme 5'-detodmase 
Deoxycholate removal from detergent extracts of renal mlcrosomes invari- 

ably rendered the 5'-delodlnatmg activity insoluble To study the nature of the 
enzymatlcally actlye aggregates obtained from the solubfllzed preparation, the 
density of the partmulate enzyme(s) was determined on 10--60% hnear sucrose 
~admnts  Detergent removal resulted in the formation of a heterogeneous po- 
pulatmn of sedlmentlble particles as judged by the protein dlstrlbutmn m the 
gradmnts (Fig 2). In contrast, both tetralodothyronlne and 3,3',5'-trnodo- 
thyronme 5'~lemdmase showed single symmetrmal peaks of actlwty with a 
density of approx 1 17 g/ml (Fig 2) The ratio of rT3 5'-delodmatmn to T4 
5'<lelodmatlon was 27.2 + 2 (U/U) and remained constant across the peak, 
mdmatlng that  no fractlonatlon of the enzymatic actlwtles was achmved by 
sedlmentatmn after detergent removal The density of the active aggregates 
was similar to that  of mlcrosomal membranes and suggested that  the aggre- 
gates were composed of protein and lipid [25]. 

Effects o f  phosphohpzd on enzyme actzvlty zn renal m~crosomes 
Since disruption of protem-hpld interaction was the expected mechanism of 

solublllzatlon by deoxycholate,  the effects of membrane components on 
enzyme activity were studied Soybean phosphohpld was partially purified 
from Asolectln by the method of Kagawa and Racker [26] and umlamlnar hpo- 
somes prepared by somcatlon. The data in Fig 3 show that  exogenous phos- 
phohpld inhibited mmrosomal tetralodothyronlne 5'<lelodlnase actlwty in a 
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Isopycmc banding of solublhzed iodothyromne 5'-delochnase A standard deoxycholate extract 
f r o m  renal  m i c r o s o m e s  was p r e p a r e d  and  the  d e o x y c h o l a t e  r e m o v e d  by  D o w e x  1 adso rp t i on  (40 m g  resin 
pe r  ml  d e o x y e h o l a t e  so lu t ion)  Af t e r  f i l t ra t ion ,  200  Dil of  the  opa lescen t  e n z y m e  so lu t ion  was l aye red  on  
4 8 nil 10- -60% l inear  sucrose g rad ien t s  con ta in ing  20  m M  Tns-HC1 buf fe r ,  pH 7 5, 1 mM E D T A  an d  1 mM 
d t th lo th re l to l  Pro te in  was  d e t e r m i n e d  b y  the  m e t h o d  of  Brad fo rd  [23 ]  Da ta  are  r e p o r t e d  as the  m e a n s  
of  th ree  separa te  gradients  ( s )  t e t r a l o d o t h y r o n m e  5 ' -de lodinase  ac t iv i ty  assayed  at  0 5 DIM T 4 wi th  T 3 
f o r m a t i o n  d e t e r m i n e d  by  a radlomet~ie  m e t h o d  (see Methods )  ( e )  3 , 3 ' , 5 ' - t r n o d o t h y r o m n e  5 ' -de lodmase  
ac t iv i ty  assayed  a t  0 5 /JM rT  3 

Fig 3 Ef fec t s  of  hpids  on  l o d o t h y r o m n e  5 ' - d e m d m a s e  ac t iv i ty  of  renal  m l c r o s o m e s  Part ial ly p u n f l e d  
s o y b e a n  p h o s p h o h p l d s  were  s u s pe nde d  a t  5 m g  pe r  ml  m 50 m M  Tris-HC1 buf fe r ,  p H  7 5, con ta in ing  
1 raM E D T A  and  1 m M  d i th lo th re i to l  a nd  s o m e a t e d  to  c lar i ty  Rena l  m l c r o s o m e s  (1 m g  p ro te in )  and  
increas ing  c o n c e n t r a t i o n s  of  hp id  were  c o m b i n e d  in a final v o l u m e  of one  ml  an d  the  r e su l t an t  m i x t u r e s  
assayed for  l o d o t h y r o n m e  5 ' -de iodlnase  ac t iv i ty  at  0 5 #M T 4 ( s ) ,  5 DiM T 4 (e)  or  0 5 #xM rT  3 (A) T3 for-  
m a t i o n  was d e t e r m i n e d  b y  r a d iome t r i c  assay in t n p h c a t e  Da ta  are r e p o r t e d  a t  the  pe rcen t age  of  con t ro l ,  
e n z y m e  assays were  d o n e  in the  absence  o f  a d d e d  hp ld  D a t a  o b t a i n e d  at  0 5 #M T 4 and  5 DiM T 4 were  
t e s t ed  by  t w o - w a y  analysis  of  var iance  a nd  f o u n d  to  be  s ignif icant  (p < 0 002 )  C o m b i n e d  S D of these  
da t a  r anged  f r o m  4- -12% of  con t ro l  

concentrat ion dependent  manner and that this mhlb:tlon was partially over- 
come by  a 10-fold increase m the T4 concentration.  3 ,3 ' ,5 ' -Trnodothyronme 
5'<lemdmase actw:ty was also inhibited at lipid concentrations greater than 
250 pg/ml. These results suggested that  there was compeht lon  between lipid 
and the 5'<lemdmase for the mdothyromne  substrates In all subsequent 
experiments, the T4 and rT3 concentrations were 10 #M and 1 pM, respectively, 
to diminish effects of  exogenous phosphohpld on enzyme activity. 

Gel fdtrat~on on Sepharose CL-6B 
In agreement with the results of  the buoyant  density measurements,  gel f:l- 

t ratmn of deoxycholate  extracts on Sepharose CL-6B in the absence of  0.2% 
deoxychola te  resulted m quant: tatwe recovery of  both  T4 and rT3 5'<lelodl- 
natmg actw:hes at the column void volume (data not  shown) By contrast, gel 
fdtratmn m the presence of  0.2% deoxychola te  resulted m substantial losses of  
enzyme activity (over 90%}, however, a small peak of  activity with an elutmn 
volume slmdar to that  of  bovine serum albumin was routinely found (Fig. 4A, 
B). Since gel flltratmn m the presence of  detergent might lead to separation of  
membrane components  0.e., protein and hpld) [27--29] ,  the posslblhty that  the 
proteins associated with 5 '<lemdmatmg act:vity m:ght require phosphohp:d for 
optimal act:v:ty was cons:dered 
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Fig 4 Ef fec t  of  soybe a n  p h o s p h o h p l d s  on  l o d o t h y r o m n e  5 ' -delochnase actavltles a f te r  gel f i l t ra t ion  on  
Sepharose  CL-6B m the  p resence  of  0 2% d e o x y c h o l a t e  The  s t anda rd  d e o x y c h o l a t e  ex t r ac t  f r o m  renal  
m l c r o s o m e s  was c o n c e n t r a t e d  10-fold by  u l t r a f f l t r a tmn  (PM-10 m e m b r a n e ,  A m l c o n )  and  two  ml  of  the 
c o n c e n t r a t e  a p p h e d  to  a 1 5 X 85 c m  c o l u m n  of  Sepharose  CL-6B e q u t h b r a t e d  m 20 m M  Tns-HCI buf fe r ,  
p H  7 5. at  4°C,  1 m M  E D T A ,  1 m M  d l thmthxe l to l  and  0 2% d e o x y c h o l a t e  The  c o l u m n  was d ev e lo p ed  
wi th  equ f l l b r a tmn  b u f f e r  a t  a f low ra te  of  15 m l ] h  a nd  2 ml  f rac t ions  co l lec ted  A clear  s o l u t m n  of soy-  
bean  p h o s p h o h p l d  was  p r e p a r e d  m equKtbra t lon  b u f f e r  a t  4 m g  p h o s p h o h p l d  pe r  ml  50 ~tl of  the  phos-  
p h o h p l d  s o l u t m n  was a d d e d  to  950  ~1 of  se lected c o l u m n  f r a c t m n s  an d  the  m i x t u r e  kep t  a t  4°C for  1 h ,  
a f t e r  w h m h  the  d e o x y c h o l a t e  was r e m o v e d  b y  D o w e x  1 adso rp t i on  and  the  f rac t ions  assayed for  5 ' -delo-  
chnase actavlty V 0 and  V t r ep re sen t  the  elutaon vo lume s  of  Blue Dex t r an  an d  3 H 2 0 ,  respec t ive ly  (A) 
T e t r a l o d o t h y r o n m e  5 ' - de lodmase  actlv~ty be fo re  (o) a nd  a f t e r  (m) the  add i t i on  of  200  jug p h o s p h o h p l d  
E n z y m e  assays were  d o n e  wi th  10 /~M T 4 and  T 3 f o r m a t m n  d e t e r m i n e d  b y  r a d m n . n m u n o a s s a y  (B) 
3 , 3 ' , 5 ' - T r n o d o t h y r o m n e  5 ' - de iodmase  ac t iv i ty  be fo re  (o) and  a f t e r  ( e )  the  a d d l t m n  of  2 0 0 / ~ g  phospho-  

hpld.  

The data m Fig 4A and B show that  addition of 200 pg soybean phospho- 
hpld to column fractions prior to Dowex 1 t reatment  resulted m a 2- to 4-fold 
stimulation of enzyme actlwty Both te t ra lodothyromne and 3,3',5'-trnodo- 
thyronme 5'~lelodn~ase actlvltms showed ldentmal elutmn profiles, and the 
addition of phosphohpld did not  alter the enzyme dls tnbutmns (Fig. 4A, B). 

Phosphohptd reconst~tut~on o f  enzyme actw~ty 
The phosphohpld reactivation of enzyme actlwty was further studmd using 

partmlly purlfmd soybean phosphohpld and hpld<lepleted enzyme obtained by 
gel filtration m the presence of 0.2% deoxycholate Such enzyme preparations 
obtained after gel filtration on Sephadex G-200 contamed approx 40% of the 
phosphohpld present m the renal mmrosomal fraction. 

Increasing amounts of phosphohpld were added to ahquots (100 pg protein) 
of the G-200 eluate and the reactivation m~xtures were kept at 4°C for 1 h 
prior to detergent removal Shorter periods of standing prior to Dowex 1 treat- 
ment led to variable and inconsistent reactivation. The data m Fig. 5 show the 
results of a representative reconstltutlon experiment. Addition of increasing 
amounts of hpld resulted m a concentratmn dependent restoratmn of lodo- 
thyronme 5'~le~odmase actlwty, with maximal reactlvatmn achieved between 
75 and 100 pg phosphohpld added per ml. Addition of 100 pg of soybean 
phosphohpld resulted m a phosphohpld.protem ratio m the reactlvatmn mix- 
ture of 0.81 pmol total phosphate/mg protein, comparable to that  of the renal 
membranes Since the molecular weight of the protems m the pooled G-200 
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eluate ranged from 30 000--65 000, 0.81 #mol total phosphate/mg G-200 pro- 
tern corresponds to 25--53 molecules phosphollpld per protein molecule. 

Physical parameters of the deoxycholate soluble tetralodothyronme and 
3,3',5'-truodothyronme 5'-dezodmase 

Although solublhzed preparations of the enzymes were Inhibited by deoxy- 
cholate and detergent removal resulted In the formation of  macromolecular 
complexes, the ability to restore enzyme activity after fractlonatlon by addl- 
tmn  of hplds allowed the physical parameters of the deoxycholate soluble 
enzyme protein(s) to be estimated. 

Estlmat~on of S20,w 
Determination of s20,w for T4 and rT3 5'-delodlnase were done by the meth- 

od of Martin and Ames [15] on 5--20% linear sucrose gradients, 0 2% deoxy- 
cholate was present to prevent reaggregatlon of the enzyme(s) during centn- 
fugatlon The fractional radial migration (r/ro) of six reference proteins was a 
linear function of their s20,w values (Fig 6) indicating that  deoxycholate did 
not  alter the relative sednnentatlon of these proteins. Iodothyronlne 5'-delo- 
dlnase, assayed after supplementing gradmnt fractions with soybean phospho- 
lipid and detergent removal, migrated as single symmetrical comcldent peaks 
with an estimated s20,w, relative to the standards of  3 5 S (Fig 6). The effects 
of  deoxycholate  on the sedimentation behavior of  yodothyronme 5'<lelodlnase 
was further studied usmg gradients formed in 90% 2H20. 

Sedimentation of reference proteins in 2H20 sucrose gradients was, again, a 
linear function of the s20,w The data m Table II show the radial mlgratmn 
(r/ro) in H20 and 2H20 sucrose gradients for three reference proteins and for 
mdothyronme 5'<lemdlnase Partml specific volumes (Y) for catalase, aldolase, 
and ovalbumln were calculated by the method of Clarke [16] and showed 
good agreement with published values. The V of  both tetralodothyronlne and 
3,3 ' ,5 ' - t rnodothyronme 5'<lemdmase was 0.74 cm3/g (Table II) This is within 
the range for globular proteins and suggested that  only a small amount  of 
deoxycholate was bound to the enzyme(s) under these condltmns [17,18] 

The co-sedlmentatmn of enzyme activities during gradient centrlfugatlon 
and the co~lut lon during gel filtration suggested that  the protein(s) catalyz- 
ing the respective 5'~lelodlnatmn reactions shared common physical proper- 
ties and are consistent with the proposal that  a single enzyme catalyzes both 
reactmns [ 3,11,14 ]. 

Estimation of Stokes' radms 
The effects of deoxycholate on the staving propertms of the gel or on the 

effective Stokes' radius of the proteins were studied by calibration of the 
Sephadex G-200 column m the absence and presence of 0 2% deoxycholate 
[30] Reference proteins were chromatographed on a 0.9 × 58 cm column of 
Sephadex G-200 and the effective pore radms of the gel, r, was calculated as 
described by Ackers [31]. The mean r was 18.4-+ 2 3 mm (n = 5) m the 
absence and 18 1 + 1.0 nm (n = 5) in the presence of 0 2% deoxycholate,  m 
close agreement with the value obtmned by Ackers [31] and lndlcatmg that  
0.2% deoxycholate did not  alter the staving propertms of the gel. 
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T A B L E  II 

D E T E R M I N A T I O N  O F  P A R T I A L  S P E C I F I C  V O L U M E  (-~ A N D  S E D I M E N T A T I O N  C O E F F I C I E N T  
( s20 ,w)  F O R  I O D O T H Y R O N I N E  5 ' - D E I O D I N A S E  

SedLmenta tmn w a s  d o n e  o n  h n e a r  s u c r o s e  g rachen t s  I o d o t h y r o m n e  5 ' - d e m c h n a s e  a c t l w t l e s  ( t e t r a m d o t h y -  
r o n m e  a n d  3 , 3 ' , 5 ' - t r n o d o t h y r o n m e )  w e r e  a s s a y e d  a t  1 0  ~M T 4 a n d  1 ~M rT  3,  r e spec t i ve ly  D a t a  are  
r e p o r t e d  as the  m e a n s  o f  va lues  o b t m n e d  f r o m  three  separate  grachen t s  f o r  e a c h  s a m p l e  

S a m p l e  r/r  r /r  0 v * v *  * s 2 0 , w  
(H 2 O)  (2 H 2 0  ) ( c m  3 /g)  ( c m  3 /g )  (S) 

Ca ta l a se  *** 1 8 5  1 53  0 7 3  0 7 3 0  11  3 
A ldo la se  1 5 4  1 3 5  0 7 4  0 7 4 2  7 3 5  
O v a l b u m m  1 2 7  1 1 6  0 7 4  0 7 4 6  3 5 5  
I o d o t h y r o n i n e  

5 ' - d e l o d m a s e  1 26  1 1 6  0 7 4  3 4 6  

* V a l u e s  c a l c u l a t e d  b y  t h e  m e t h o d  of  C la rke  [ 1 6 ]  
** Va lues  f o r  re f erenc e  prote ins  t a k e n  f r o m  t h e  h t e r a t u r e  [ 1 9 , 2 0 ]  

* * * SedLrnen ta t l on  w a s  p e r f o r m e d  o n  g r a d i e n t s  w i n c h  d i d  n o t  c o n t a m  1 m M  dlt inothrexto l  

Gel ffltratmn of  the deoxycholate  extract of renal mmrosomes was done m 
the presence of 0.2% deoxycholate and column fractmns were supplemented 
with soybean phosphohpld (200 pg/ml) prmr to Dowex 1 t reatment  and 
enzyme assay. Both enzyme act:wtms showed single symmetrmal peaks, w~th a 
Stokes' radms of  32/~ (Fig 7) 

Molecular we~fht and frictional ratzo 
A molecular weight for deoxycholate soluble mdothyronme 5'-demdmase 

of 49 900 was computed from the s20,w (3.5 S), ~ (0 74 + 0.1 cm3/g) and Rs 
(32.3 + 0 5/~) [20]. Similarly, a frmtmnal ratio (f/fo) of 1.32 was calculated 
[20] mdmatmg a modest asymmetry m the enzyme protein whmh is common 
to mtrmsm membrane proteins [27]. 

D i s c u s s i o n  

Previous studms on lodothyromne 5'~lelodmatlon have depended on broken 
cell or crude membrane preparations as the source of enzyme. In hght of the 
hm:tatlons imposed by these impure preparations and the ambiguity concern- 
mg the number of  5'~le:odlnating enzymes, at tempts were made to obtain a 
soluble lodothyronme 5'~lelodmase The data m this paper characterize the 
deoxycholate solublhzed enzyme and its phosphohpid dependency and extend 
the observations to the 5'<lelodmatlon of rT3. 

Solubfllzat:on of lodothyronme demdmases from rat hver mmrosomes has 
been recently reported by Fekkes et al. [32]. These investigators found that  
cholate and a mixture of  nomonm Brlj detergents were the most effective 
solublhzmg agents, although reactivation of  the demdmases (over 40%) was 
noted.  Removal of the detergent from the solubihzed fraction by dilution or 
Ion-exchange chromatography resulted m a doubhng of  catalytm act:wry and 
reaggregatmn of the enzyme These fmdmgs are m agreement with those 
reported prewously by us for the kidney enzyme [13] and presented m this 
report.  
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Deoxycholate solublhzatlon of enzyme activity was optimal at a detergent 
to protem ratio (w/w) of 0 4, with 55--75% recovery of the activity m the 
soluble fraction and httle or no activity present m the deoxycholate insoluble 
fraction Solublhzatlon also resulted m partial dehpldatlon (approx 35%) and 
it is therefore posmble that  dehpldatlon may have been a factor m the incom- 
plete recovery of  enzyme activity 

Successful reconstltutlons of the mltochondnal  proton pump [26] and 
several membrane bound enzymes [27--29,33] from crude bile salt extracts or 
from mixtures of hpld<letergent mmelles and purified membrane proteins have 
been reported. In most cases, removal of the detergent, an obligate step in 
reconstltutlon, resulted in the formation of enzymatmally active macromole- 
cular complexes Iodothyronme 5'-delodmase showed similar properties, deter- 
gent removal from inactive deoxycholate extracts resulted m the formation of 
enzymatmally active particles with a density of 1 17 g/ml consistent with the 
formation of a hpld-protem aggregate [25] 

Substantial mactlvatmn of the enzyme occurred when deoxycholate extracts 
were chromatographed on Sepharose CL-6B m the presence of detergent Initial 
attempts to improve the yield of enzymes by addition of hpid to the column 
fractions resulted in further decreases in residual catalysis rather than the 
expected enhancement of enzyme activity Since lodothyronmes are hpophflm 
[34] these results suggested that  phosphohpld might paradoxically activate 
the enzyme via hpld reconstltutlon and inhibit the enzyme wa sequestration of 
the substrate Added phosphohpld was found to decrease renal mlcrosomal 
lodothyronme 5'<lelodmase activity and this inhibition was partmlly overcome 
by mcreasmg the substrate concentratmn Column fractions assayed usmg con- 
centratmns of mdothyronme sufficmntly high to minimize the inhibitory 
effects of phosphohpld on the membrane bound activity showed the stlmu- 
latory effect of hpld replacement 

Iodothyronme 5'-delodmase showed an absolute requirement for lipid. Addl- 
tmn of mcreasmg concentratmns of  phosphohpld to the dehpldated enzyme, 
followed by detergent removal, resulted in a hpld-dependent restoratmn of the 
enzyme activity. Interestingly, reconstl tutmn reached a maximum when suffi- 
cmnt hpld was added to restore the phosphohpid.protem ratio to that  of the 
renal mlcrosomal membrane 

Sedlmentatmn analysis of deoxycholate extracts of renal mmrosomes was 
done on lmear sucrose gradients contammg 0.2% deoxycholate in H20 and 
:H20 solvents The sedlmentatmn coeffmmnt for iodothyronme 5'delodmase 
was 3 5 S This is m reasonably good agreement with the value (4 3 S) ob- 
tamed for the hver enzyme m the presence of 0 6% cholate [32]. Fekkes et al 
[32] found that  omlsmon of detergent or alteratmn of the detergent type 
greatly influenced the sedimentatmn rate of  the enzyme, suggesting that  
changes m bmdmg of detergent to enzyme or perhaps variable dehpldatmn 
altered the 'molecular size' of the hver demdmase Our studies comparmg the 
sedimentation m detergent-containing sucrose gradients in H20 and 2H20 using 
the method of Clarke [16] showed that  the deoxycholate-soluble renal lodo- 
thyronme 5'-delodmase had a partml specffm volume of  0 74 cm3/g, a value 
s~mllar to that  of detergent-free globular proteins and thus suggesting that  little 
detergent was bound to the enzyme Although a ~ of  0 74 cm3/g might seem 
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low for a membrane protein it is by no means umque,  the studms of Neer [17] 
and Asbury [18] showed that  Triton X-100 soluble adenylate cyclase had a 

of 0 74 cm3/g and this led to the conclusion that  httle detergent was bound 
to the solubfllzed membrane protein 

Unhke the observahons of Fekkes et al [32], we found hpld reconst l tuhon 
m gradmnt frachons to be essential for enzyme actlvsty The Stokes' radms of 
32/~ for the renal enzyme m the presence of 0 2% deoxycholate is m good 
agreement with the 35--37/~ reported for the cholate soluble hver enzyme 
[32] 

Both tetrasodothyronme and 3,3 ' ,5 ' - t rnodothyronme 5'-delodmase actsvl- 
tins were associated with protem(s) whmh shared common propertms. Mole- 
cular parameters of the enzyme(s) were mdlstmgmshable, neither sucrose 
gradmnt centrffugatlon nor gel ffl tratmn separated these enzymm specms Both 
actlvltses were rendered soluble by similar concentratmns of deoxycholate and 
showed similar hpld reconshtutmn patterns Although there is no direct ew- 
dence that  the soluble enzyme catalyzmg the respective 5 '~lemdmatmn reac- 
hons is a single specms, these data are consistent with and complement earher 
work on T4 and rT3 5 '<lemdmatmn It has been shown that  both T4 and rT3 
5 '<iemdmatmn follow ping-pong type reactmn kmetms [13,14,35] and both 
reactmns are inhibited by thlouracll m an uncompetltlve fashmn [11,36]. In 
addltmn, mhlbltmn of te t ramdothyronme 5'-demdmase by chemmal modffma- 
tmn of essentml sulfhydryls [13,14] has been extended to the 5 ' -demdmatmn 
of rT3, 6-n-propylthmuracfl, te t rmodothyronme and 3,3 ' ,5 ' - t rnodothyronme 
individually protected both demdmase reactmns from mhlbltmn by redo- 
acetate pretreatment [14] Taken together, these data support the proposal 
that  both T4 and rT3 are 5'<lemdmated by a smgle enzyme. 

The renal enzyme has been shown to be an mtrmsm membrane protem with 
a requirement for a structural relatmnshlp between hplds and the enzyme 
molecule for ophmal  activity Although a phosphohp~d reqmrement for the 
hepahc 5'-demdmase has yet  to be demonstrated,  the recently reported aggre- 
gatmn upon dflutmn, enhancement of actlwty by detergent removal and the 
sedlmentatmn and gel ffltratmn behawor as influenced by detergents [32] all 
suggest that  hplds play a role m the detergent soluble hver enzyme Purffmatmn 
of a catalyhcally active enzyme from crude membrane preparatmns will most 
hkely reqmre hpld reconst l tutmn The results presented m this report provide 
a basis for further studms on more purffmd enzyme preparatmns necessary to 
resolve the questmn as to the ldenhty  of the 5'-demdmases of te t ramdothyro-  
nme and 3,3 ' ,5 ' - t rnodothyronme 
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