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."; I.' M MA RY 

I. "l'hrce disulfide-reducing activities flmnd in the high-speed supernatant 
fraction of rat liver, vie. glutathione reductase, (;SH-disulfide transhydrogenase, and 
a NADPH-dependent reductase of broad specificity have been separated from each 
other by chromatography on I)EAE-cellulose. 

2. Like the activity present in crude extracts, the chromatographically isolated 
transhydrogcnase appears able t~ catalyze the reduction . f  both protein and non- 
protein disultide substrates by." GSH in the presence of NAI)PH and an exc~gen~ms 
smm:e of glutathione reductasc. The purified enzyme appears to be quite unstable. 

3. The non-specific NADPH-dependent disulfide-reducing activity obtained by 
I)l';.\F.-cellulose chromatography was further Imrified by gel filtration on Sephadex 
(i-15 o, using 5,5'-dithiobis-(z-nitrobenzoic acid)(DTN B) as indicator disultidc. The 
relatively low activity exhibited by this fraction in the reduction of insulin and other 
disultides could be greatly increased when reaction mixtures were further supple- 
mented with small amounts of supernatant solution obtained by heat-treatment of 
crude enzyme preparations at 7 o'' for 2o rain. The heat-stable component active in 
disulfide reduction was further purified on Scphadcx G-too and completely separated 
from glutathione reductase, whose activity was not affected by the heat treatment. 
The data presented herein is considered to support earlier scpeculations on the simi- 
larity of the nuclcotide-depcndent disulfide-reducing activity of normal rat liver to 
tht. thioredoxin systems found in microorganisms and rat hepatoma. 

I N T R O I ) U C T I ( ) N  

In a previous publication ~ evidence was presented to indicate that the high- 
speed supernatant fraction of normal rat liver contained several enzyme activities 
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associated with tile reduction of disulfide bonds of protein and non-pr(~tcin substrates. 
These activities included, in addition to glutathione reductase, a non-specific N AI)PH- 
dependent disulfide reductase and a GSH --disulfide transhydrogenase (oxidoreductase). 
The present pal)er describes the separation and partial purification of these enzyme 
systems by ion-exchange chromatography and gel filtration, and the resolution (,1" 
the nucleotide-dependent disulfide.-reducing activity-int(~ heat-labile and heat-stabh. 
components. 

MA'I'I-RIALS ANI) blI.2TH(.)DS 

Materials 
(NH4)zSO 4, "enzyme grade", was a product of Mann Research Laboratories. 

DEAE-cellulose (Whatman Type DE-52 ) was purchased from Reeve Angel. Sephadex 
(;-IOO and G-I5O w e r e  products of Pharmacia. Other reagents or products have been 
describedk 

Chromatographic procedures 
The microsomal supernatant (high-speed supernatant) fraction of rat liver was 

prepared as described previouslyL Ion-exchange chromatography on DEAE-cellulose 
was carried out at 4 °. The adsorbent was first equilibrated in batchwise fashion with 
o.I 3I Tris (pH 7.5) and then on the column with a starting buffer consisting of 5 rnM 
Tris - I  mM EDTA (pH 7.5). Tile dialyzed protein sample was introduced onto the 
column and irrigated initially with starting buffer at a flow rate of o. 7 ml/min until 
all unadsorbed protein had been collected. A salt gradient was then initiated bv intro- 
ducing a i M solution of NaC1 in starting buffer from a Mariotte flask into a 5oo-ml 
constant volume mixing chamber filled initially with starting buffer. 

(;el filtration on Sephadex G-i5o or G-ioo was carried out by descending irri- 
gation with Tris-I-DTA lmffer (pH 7.5) delivered ;it a pressure head of Io 2o tin of 
water by means of a Mariotte flask. 

E*I2L~,qIId assavs 

Spectrophotometric assays of enzyme activities in crude extracts were carried 
out in the balanced systems described previously ~. When carried out on column 
eluates or on chromatographically purified enzyme preparations, the procedures did 
nut generally require the, use of balanced reaction mixtures since the interfering 
oxidative or hydrolytic reactions encountered in the unfractionated preparations 
were then of low order. A unit of enzyme activity is defined arbitrarily as that quanti ty 
of enzyme which produces an absorbance change of I.O in 4 rain. $pe.cific activity is 
defined as units/mg protein. 

Other procedures employed in this work have been described previouslyk 

RESULTS 

Enzyme activities in (NH4)2SO 4 fractions 
Preliminary to a t tempts  at chromatographic separation of the disulfide-reducing 

activities in rat  liver microsomal supernatant,  tile distribution of these enzymes in 
(NH4)~S() 4 fractions thereof was studied. The maior portion of glutathione reductase 

lhochim. HwlShys. Acta, 220 {197o ) 4.t9-4(}2 
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Fig. i. l )emonstra t ion o f  NADPH-  and C-SI l-dependent disulfide-reducing activities in a 4o-8o% 
(NII4)~S() 4 fraction of rat  liver nficrosomal supernatant .  Spectrophotometr ic  measurements  at  
34 o mt~ were citrried out  in balanced reaction mixtures  in x.o ml Tr i s -EDTA (ptl 7.5)- The 
complete system contained, at zero time, o.2 immle NA1)PH, IO/,g yeast glutathione reductase 
((;R), and 2.3 mg of a .to 8o% (NH~)2S( h fraction of rat  liver microsomal supe rna tan t  (MS). 
Sodium arsenite, 0. 5 tnnole, was added to both cuvettes of the indicated reaction mixtures.  
t-Cystine, approx,  o. 5 tlmole, was added to one of each pair of cuvettes and an equal volume of 
troffer to the other  at approx.  2.5 rain (first set of arrows) and o. x/imole GSH to both cuvettes  
at 8 rain (second set of arrows). :ks explained previously t, the relative vertical displacements of 
the curves are for display purposes only and are not meant  to imply absolute differences in initial 
absorbances of the reaction mixtures.  

activity was fl)und in tile 40-60% (NH4)2SO 4 fraction, while NADPH-dependent 
insulin- and DTN B-reducing activities were present in greatest amounts in the 6o-8o% 
fraction. GSH-hydroxyethyldisulfide transhydrogenase activity was more uniformly 
distributed throughout these fractions. Because of the overlapping enzyme activities 
in the two highest (NHa)2SO 4 fractions, all subsequent studies were carried out with 
the combined 40-80% (NH4)2SO 4 fraction containing over 9o°,o of the reductase 
activities and more than half of  the transhydrogenase activity of the high-speed 
supernatant fraction. 

The presence of three disulfide-reducing activities in the 4o--8o0o (NH4)2SO, I 
fraction of the microsomal supernatant  is shown in the spectrophotometric  experi- 
ments  recorded in Fig. I. The addition of cystine (first arrow) to one of a pair of cu- 

B i v c h i m .  l~iophys.  Ac ta ,  22o (197o) 449-462 
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\ c t t c s  I)alan( 'cd i n i t i a l h  wi th  respec t  t,, N A I ) P t l ,  g lu ta th i (mt '  redu( ' tase ,  and  the 
4c; ,'~o",, f ract i (m ( ( ' u r \ c  5) r esu l l s  in r a p i d  ( )x ida t ion  of the  nu( 'h '()t ide, which is furtht :r  
s t i m u l a t e d  l)v t im sul )sequcnt  a d d i t i o n  ()f i . ] o  ~ .M ( ;SH (settrod arr()w). S imi l a r  
l)c]l~tvii)r is e x h i b i t e d  by  fln al lal( i~()l lb s y s t e m  lack ing  cx()g('n()us g lu t a th i (mv  rc(lu(tab(,  
(( 'urx't '  4)- The  in('()rl)orati()n (,f 5 " [o .2 .M ars( 'n i ic  in c i t ]wr  ()f these  s \ s t c m s  ( ( 'u rvcs  
2 and  3) SUpl)r('sscs c()ml)h ' tcly the  ox ida t i (m  (,f N A I ) P H  sc(,n subsequen t  t() ( ' \ s t im,  
addit i () l l  l)nt is with()ut  (.ffl'('t (m the r;J.tc ()f :4tlt']l ()xi(htti,)n l>r,)ught ab , ,u t  b\ '  the  
a d d i t i o n  ( ) f ( ;SH.  ( ' u rve  I shows t h a t  the  "l>asal" r a t e  ()f()xidati( ,n ()f nuch ' () t idc ('aust'(l 
by tilt, sp()ntant '()us rcdu(-ti()n ()f the  (l isull idv su l ) s t r a t c  l)v addc t l  (,.'4H in the  al)scn('v 
()t" the  SUl)(.rnatant fra('ti()n is m,gligibh,  undc r  tht,sv ( '{mdit i ( )ns . .ks  i n d i c a t e d  pn 'v i -  
()usl) ) ,  thcs( '  resu l t s  arc ," ns i s ten t  wi th  the  i)n.~cncc, in t lm hi~h-~l)et,d s u p v r n a t a n t  
f rac t ion  ()f rp.t l i \v r ,  ()f an a r scn i t e - scns i t i \ ' c ,  nuc lc( ) t idc-de l )vndent  (]isulfi(Ic-r('(lu('ing 
m t i v i t v  t()~zcthcr wi th  ~trs(.lfitv-inst,nsitivc gluta thi ( )n( '  r educ ta sc  and ( ; S i l  disulli(h, 
t r ans i ly th ( )gcnasc  m' t i \ i t i c s .  In lln.,sc ('ru(Ic ext rac ts  t ia '  l a t t c r  txv() a( ' t ix i t ic~ can 
c . n s t i t u t t '  a c()uplcd e n z y m e  s x s t c m  oaf>able (,f rcduci))~ a \ a r i c t \ '  ()f d isulf ide  sul).. 
:<t l ' ; t t  t ' > .  

('hromalo,../aphic .~,'paration of disM/idc-rcducin~ achi,ili,'s 
The s t 'pa ia l i ( )n  ()ft he I ]llV(' disulfid( '-r(. ' ( lu(ing ac t iv i t i e s  o f t h c  4 ° 8o ' ) .  (N H a).,S() ) 

I2 I 
3O a4l . . . .  

i :3SSG_ ~!  D*NB 

I'i 2o i- ,6  

z z i l  t'k 
1 I0.. ~ 8' , .  

,a 
. i  I 

• &l It 

O} 0 ~ - ' ) - - - ¢ ' - - -~  A , ~ . ' ~ r . . - . . l e - ~ . - ~ - - ~ L  - .  

16 6.. "1 :". 

!~ ° r . : ' ¢ ~ .  o. 

I<:B' i_ ~ ~il 
x 

,24 

ff  

J 

~" ~; ::i:! "~ '  ' :,) ' 
• 1 .;,'NI ''~ :..i 

o 
G 2C 3(5 40  5C 60  70 80 90  

FRACTION NO 

Vi A. 2. S e p a r a t i o n  of  ( ; S l l .  h y d r o x y c t h y l d i s u l t i d c  t r a n s h y d r o C e n a s c ,  ( ;SS( ;  r c d u c t a s c ,  a n d  
N : \ I ) P l l - d c p c n d c n t  l . )TNl~,-rcducing a c t i v i t i e s  of  t he  .to-8o(',') (NII.~)~S()~ f r a c t i o n  of  r a t  l i ve r  
n i i c r o s o m a l  St l l )cr l la t ; in t  f r ac t i on  ([A 5 Illa p ro tc i l l l  Oli [) l ' i : \ l '~-ccl lulosc.  I;or d c t a i l s  sue t t 'x l .  
I n i t i a t i o n  of  t he  NaCI g r a d i e n t  is i n d i c a t e d  by  t lu '  h e a v y  a r row ,  l : r a c t i o n s  of (L 5 ml wcrc  analvzcd 
Ikn" p r o t e i n  a n d  for ( ; S H  h y d r o x y c t h y l d i ~ u l i h l c  t r anshydro I~cnase .  141utathionc r c d u c t a s c  a i m  
I)TNI~ r e d u ( t a s c  a c t i v i t i e s  1)y m e t h o d s  d e s c r i b e d  p r c v i ( m s l y L  I".huttcs comprising4 l : r ac t i (ms  1 ] I [ 
were  pooh,d,  c o n c e n t r a t e d  by  p r c t i p i t a t i o n  u i t h  (NII; ' , . ,S() I, a n d  d i a l v z u d  a g a i n s t  "rri~ I . i l lT . \  
Imttcr .  H 1-I): h y d r o x y c t h y l d i s u l t i d ~ ' .  

]ql~CIHI)I. t'llopJI3's. .lira, 2 .o  {197 o', 14q-.loz 
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l"hu~tc fractions from l)l:Al'.'-cclhflosc chrumato~aral)hy were pooled and concentrated l)y 
(NH,)aS() 4 precipitation to vicld I)I"AI" l:ractions 1 11I as shown in [:iR. 2. t,'ach fraction was 
assayed for (.;SI t-hydroxyct 'hyldisult idc transhydroRciaase, glutathionc reductasc, and N . \ I ) I ' t l -  
delR'udvnt l) ' l 'NB-reducing activity. Results arc expressed its/I. '1/! rain per mR protein. 

Ntthstratc 1) 1:..4 l'-cclhtlosc fract , ,n  ¢)ri.,* hal 
. i  o 8o% 

1 11 1 1 l  ( , \ ' H t ) ~ N O  4 
J~ tlEllt~ll 

l I yd fox ycth.vldisulfide o.55 0.07 o.o t (i. 13 
( ; ~ . ~ (  ; 0 22 o.~ .a;. 2 
I ) ' I ' N  H o ¢~ r t _,.S 

fraction by I)EAE-ccllulose chrolnatography is shown in Fig. 2. Associated with the 
sharp peak of initially unadsorbed protein is a substantial fraction of the G S H  
hydroxyethyldisultide transhydrogenase activity of the preparation. The slight 
retardation of enzyme activity associated with this peak has been observed in all 
subsequent separations, zXlthough, in this tigure, the major protein component eluted 
after initiation of the salt gradient (Fractions 4o-65) appeared to contain three 
additional minor but discrete peaks of GSH-hydroxyethyldisulfide transhydrogenase 
activity, subsequent chromatograms showed in reality that this enzyme activity was 
usually spread in a more diffuse manner throughout these fractions. As can be seen, 
the pr~,tein fraction eluted by the salt gradient also contains two sharply delined 
regions of cnz\me activity associated with the NAl)PH-dependent reductions of 
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l:ig. 3. Action of the chronlatographical ly purified t ranshydrogenase  component  of the .in 8o" 
(NtI~)aS() I fraction of rat  Jiver microsozT~;d snperna tan t  on hydroxvcthyldisult ide and insulir~'. 
Transhydrogcnase  activity was measured spectroptmtometrical lv at pH 7-5 in Tris-l'H)'l 'A as 
described earlierL Complete sys tems (J.o ml) contained initially: o.2 pmole .NAI)PH, To t*/4 yeast 
glutathione reductase, and 0. 3- nag of the Fraction i component  derived from l)l£AI--ccllulose 
ch roma tog raphy  of the 4 ° 80 % (N l-t0z.q()~ fraction of rat  liver microsomal supcrna tan t  (Fig. -). 
l iydroxyethyldisul f ide  (HI;I ) ) ( I .Ot~mole) ,  insulin (2.o ing), and ( ;SII  (o.I and 2.o /creoles, re- 
spectively, R)rhydroxyethyldisul t ide  aim insulin) wcrc added its indicated. Control reductions 
were carried out with mixtures  lacking Fraction I. Reaction xnixtures were balalwt'd with re- 
spect to all components  except disulf idesubstrate .  

H~,~ck~m. I~tophys..4cla, 220 (t97o) 440 4 G2 
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(;SS(.; and DTNB. Eluates corresponding to the fl~regoing enzynle activities were 
pooled as indicated in Fig. e, concentrated by precipitation with (NH~)~S(),~ and 
dialyzed against Tr i s -EI )TA buffer. The enzyme activities of the Fractions I--Ili  thus 
obtained (Fig. e) toward the three disulfde substrates are recorded in "fable I. It is 
evident tha t  each isolated fraction is essentially" free of the enzyme activities charac- 
teristic of the other two fractions. The low level of t ranshydrogenase activi ty in 
Fractions I I and I I I  reflects the diffuse spread of this act ivi ty throughout  the bulk of 
resin-adsorbed protein (@ Fig. 2). Although the presence of a minor amount  of GSSG- 
reducing act ivi ty in Fraction I11 Inight be ascribed to an intrinsic act ivi ty of the 
I ) ' fNB reductase component,  the fact that  this act ivi ty was largely arsenite-insensitive 
indicated that  it was a result of slight contaminat ion with glutathione reductase. 
( 'omt)arison of the st)ecitic activities of the isolated chromatographic fractions with 
those of the untreated 4 ° 8o% (NI-t~)~SO, t preparation showed ('l'able I) that  4 7 -f°ld 
increases in relevant enzyme activities were achieved t) 3" the ion-exchange procedure. 

Fig. 3 shows that,  like. the crude microsomal supernatant  fraction itself l, Fraction 
I possessed t ranshydrogenase act ivi ty toward both protein (insulin) and non-protein 
(hydroxyethyldisulfide) disulfides. Fur ther  studies on the purification and properties 
of the t ranshydrogenase activities of  this and other liver fractions arc in progress. 

I)'I'N]3 was eml)loyed as the indicator disulfide in the chronmtogral)hic sepa- 
ration of nucleotide-dependent disulfide-reducing activi ty shown in Fig. e primarily 
because of its sensitivity as substrate. In order to determine whether lhe peak re- 
ductase activi ty observed with respect to this substrate was representative of the 
rnorc general nucleotide-dependent reductase act ivi ty of the whole SUlwrnatant 
fraction ~ the chromatographic procedure of Fig. 2 was repeated and the resulting 
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Fig. 4. Correspondence of N A l ) P H - d e p e n d e n t  reduc t ions  of I)TNB, insulin,  and c v s t a m i n c  in 
e lua tc  f ract ions froln c h r o m a t o g r a p h y  of 4 0 - 8 0 %  (NIt4)aS()4 f ract ion of r a t  liw:r microsomal  
s u p e r n a t a n t  (7~ mg protein) on l )FAl"-cel lu lose ,  l :or de ta i l s  see text .  F rac t ions  of 3.4 ml were 
ana lyzed  for protein,  g lu t a th ione  reductase ,  a im N AI)PH dependen t  d isu l t ide- reducing a c t i v i t y  
with" IYI'NB, insulin,  and  c y s t a m i n c  its subs t ra tes .  E n z y m e  assays  were carr ied out  in reac t ion  
mix tu re s  con ta in ing  o.2/~mole N A I ) PH ,  e lua te  fractions,  and disulfide subs t r a t e s  a t  levels of 
l .o / ramie  disulfide per nil. I n i t i a t i on  of the NaCI g rad ien t  is ind ica ted  by" the heavy  ver t ica l  a r row,  

l¢i,,chim. Hiophys. Acta, z2o (r97¢)) .t49-462 
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Fig. 5. (;el f i l t ra t ion of D E A E  Frac t ion  I I I  on Sephadex  G-x5o. xoo mR of I"raction i I [  pro te in  
(Fig. 2) were dissolved in 4.5 ml Tr is-F.DTA and appl ied  to a 2. 5 cm × 3 ° em cohmm of Sephadex  
(;-15o. Descending  i r r iga t ion  was carr ied out  a t  4 ¢" a t  a flow ra te  ofo .  3 ml /min.  Frac t ions  of 2.5 ml 
were ana lyzed  for prote in  and N A D P H - d e p e n d e n t  reduct ion  of D T N B  as descr ibed p rev ious lyk  

eluates assayed for nucleotide-dependent reductions of insulin and cystamine, in 
addition to DTNB and GSSG. The results of this experiment, shown in Fig. 4, demon- 
strated complete coincidence in location of nucleotide-dependent reducing activities 
toward the non-glutathione substrates and indicated that the non-specific nucleotide- 
dependent reductions of disulfide substrates (other than GSSG) observed previously 1 
in crude fractions of rat liver cytoplasm were probably catalyzed by one enzyme 
system. 

Again using DTNB as indicator disulfide, further purification of the nucleotide- 
dependent disulfide reductase of rat liver supernatant was apparently accomplished 
bv gel filtration of Fraction I I I on Sephadex G-15o (Fig. 5). Eluates containing I)TN B- 
reducing activity were pooled as indicated and the concentrated product tested for 
NAI)PH-dependent reducing activity toward insulin and other disulfide substrates. 
Although substantial increases in enzyme activity were anticipated as a result of the 
chromatographic procedures shown in Figs. 4 and 5, it was found, on the contrary, 
that the insulin-reducing activity of these purified fractions remained at a rather low 
level (Table l l, Expts. I 3). 

Dependence of reductase activity on a heat-stable factor 
Because earlier experiments 1 on the reductase activity of unfractionated micro- 

somal supernatant had shown evidence of stimulatory activity by heated supernatant 
the effect of such heated preparations on the insulin-reducing activity of the chro- 
matographic fractions was investigated. These results showed clearly that the addition 
of small amounts of supernatant material obtained by treatment of the 4o 8o% 
(NH4),,SO~ fraction of high-speed supernatant at 7 °° for 2o rain could increase notice- 
ably the rate of reduction of insulin by the chronmtographic fractions (Table II, 
Expts. 4d and 5b). The addition of DEAE-cellulose Fractions I or II (Fig. 2), possessing 
enhanced transhydrogenase or glutathione reductase activities, respectively, was 
without effect on such activity (Expts. 4 b and 4c). In accordance with previous 
findings ~ the heat-treated sample of the 4 ° 8o% (NH4)2$O 4 fraction was itself in- 
capable of catalyzing nucleotide-dependent reduction of insulin (Table I I, Expt.  4e). 

l~ochim. Hiophys. Acta, 22o (i97 o) 449-462 
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.~:%11 ) ] ) [ [ -d( ,pCl ldCl l t  i -c(hlct i( l l l  of d isu l f ide  subs t ra t cs  b y  ra t  l i ve r  ill iCI'OSollli l l supcr i~ i t tan t  and  
pu r i l l cd  f r ac t i ons  d e r i v e d  t t l c r c f ron l  w~ts f (d lowed S l ) cc t roph ( ) ton l c t r i ca l l y  as dCscl"il>cd var l i c r  I. 
[ )11.%. l{ l " rac t ions  1--111 wcrc  iso la ted fo l l ow inR ch ron ia toRr0 .phy  o f  tilt_, .lo ,";o "<, (.N I I I)a s( ).l f rac l  ion 
()1 niicl-OSlml;tl supcrn; i tct l ' l t  ol'~ l ) l ' ] . \ l " - cc l l u losc  (I:i~4. el. The  S c p h a d c x  ( ; - I 5 o  and  . 'gcl i i ladcx ( ; -1oo  
f r a c t i o n s  r e f e r  t o  t i l t '  t ' on / | i i l l cd  ;tn(l c o n c e n t r a t e ( 1  f r ac t i o l lS  olJtaillt>d f ( i lh )win~  Re] f i i t l ' a t i (n l  o f  
I ) I ' ] . \K  F rac t i on  i l l  (m 5 c p h a d c x  (7-~5 o ( i l ia .  5i ()r o f  h e a t - t r e a t e d  (7 o . _>u imn'l i(~ <so",> ( N l i i l e S ( ) ,  
f r ac t i on  ( i f  n l icrc lsoulal  s u p c r n a t n n t  ()11 Scp l i adcx  ( ; - i o o  (F ig .  #,1. r espcc t i vc l y .  Spcci l ic  a c t i v i l i c s  
l is ted in I ' ]xpts .  , 3 rcprcst , l l t  t i l t ,  ral lRc o f  ,,'altl¢,>; d e r i v e d  fr( l l l i  ;iss~l','s carl-ted Oill Oll gl i l l l i l l l i c r  ~)t 
p r ( 'para t i (ms.  

l:'l[~t. N i i b s t r a l r "  I " r a c t i o n  . . I d d H w n  . I..1 .. 

I m t n  /,~J m4, 

l I nsu l i n  to .  <";o",, (N I  Ilia.";( )1 f r ac t i on  (~.(~.5 o. i 3 
2 I nsu l i n  [ ) l ' ]A l " . -cc l lu losc ] : rc lc t ion [ 11 , I . ( )7 - - ( I .2 lJ  
.~ ] l l~ l l l i l l  .qc l ihadcx ( i -15o  f r a c t i o n  o.c~5-(), i-' 
i l l  I nsu l i n  I ) i ' ] : k l : - cc lh l losc  f r ac t i on  111 ,~.o 7 

(o .55  m~)  
t b I nsu l i n  I )K . \ t ' ]  l : r a c t i o n l l [  l ) I . ] . \ l ' ] -cc l lu losc [ : t 'act ion 1 o.o 5 

( ( ) - 55  n/gt) (o.j;2 i l lg) 
.i t` ]ns t l l i n  1)1';.\I'] l " rac t i (m I I1  1)l.]..\ l . ]-celhllose l , ' ract ion 11 (,.(~,'~ 

(0 ,55  lllR) (0 .3( )  11171 
4¢1 I n~u lm  I ) I - . \ H  F rac t i on  I l l  I l c a t c d  . io-, '~o".  ( N I I I ) ~ S ( )  , o . 3 t  

(¢'.55 m. <-:'; f r ; l c t i on  (o.2o rag) 
.ic 111sulin I l c a t c d  i o - - ~ o " , ,  { . N l l i ) ~ . S ( )  I c~ ,).', 

fr~tction ( o . 2 o  m R )  
5 a I llstllill %cp t l ad ( ' x  ( ; - 150 fl'aCl'ioll O.O 5 

{o. 1 ,N i11~) 
5 b Insu l i n  S c p h a d c x  (;. 15o f rac t i on  ] ] ca t t ' d  .io <',;c)",, (Nl l l }7,<,()  i I. I 

(o. 1~ IIIJ41 f r ac t i on  (o.2o in°)  
5c [ nsu l i l i  .%(,iill;idcx ( ;- 150 fl 'nCti(nl .<,cphadvx ( ;- 1 oo  f ' r ; tct ioi l  o.( i 3 

(o. IN I I1~} ((I. Ilfl II1 °) 
(,a R; l l f l f i t  7"- %ephadcx  ( ; - I  50 f r ac t i ou  o .o  

gh , ln l l i n  (o.o73 mgII 
hi) ]¢abb i t  },- S c p h a d c x  ( ; -15o  f rac t i on  .%, l lhadcx ( ; - i (n )  t r a c t i . n  I .  3 

Jdloliulin (o .o73  I11~) ((i.o() 3 11]~} 
7 a I . - ( ' \ ' s tJ l l t '  S c | l l l a d c x  ( ; - 1 5 o  t 'racli()l l  o.o 

((L(17.i i I1"1~ ) 
7 b L ( ' v s t i n c  Scpha l l c x  (7-[5() f r a c t m n  .<,cphadcx (7-1oo f rac t i on  i . I  

((I.(i7. ~ IIIgJ (0,0(): I lil~} 
7C I -{.'\'F, l i l l t  > . ' 4 c p h a d c x  (~-10() f l ' i lct i() l l  o.O 

{(),()().~ lll~) 
.Sa l . i l ) ( , a te  5,cph;l(lt'x (;-1511 fraction (I. .lI 

(o .o73  I l lXl 
Sl) l . i poa tc  . '4cl)hadvx (;.1511 f r i lct ioi1 Scp l la ( l cx  ( ; - 1 0 0  f ' ract ion 2.o 

(l) .073 111~4 ) (O.()f)~ l'll~l 
( } i t  ('VS'tll. l l l i l l t '  5t ! | ) l l ; ldt 'x  ( ; -15,)  f I 'actiOll  (I.57 

((I.o73 illR) 
()ll ( 'VSt; l l l l i l lC Sci ) l la( lcx  (;-150 f r ac t i on  Scpi ladCX ( ; - 1 o o  i i 'ac t iou I.#l 

• Subst l -a tc  c o n c e n t r a t i o n s :  L-cyst in t ' ,  o.25 #luloh..n ' l l ;  all o thers .  IA}/4111(lit d isul f id t !snl l .  

(;<'l filtrahon o i heat-stable compom'nt 
The purificati lm of the l icat-stalfle s t imula to rv  component of the 4o.-8o"<, 

(Nt l . I )~S()  1 fraction of the micros(inml supernatant by gel filtrati, m on Sephadex 
( ] - I O O  is s h o w n  i n  l: ig. 6. E l u a t e s  c o n t a i n i n g  e l i - f a c t o r  a c t i v i t x '  v , e r t ,  a s s a v c d  spectr(>- 
plll~tonietriccllly bv their abi l i ty  to cause nuclc.t ide oxidation in reaction nlixtures 

l ~ w ( k m t ,  t f t , , p k ) , s . . - t c t a .  22o 1197o) .14 u V,2 
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l ; i g . t , ,  l~u r i f i ca t ion  o f  t h e  h e a t - s t a b l e  c o m p o n e n t  o f  r a t  l i ve r  m i c r o s o m a l  s u p c r l m t a n t  b y  ~el 
t i l l r a t i o n  o n  S e p h a d e x  i ; - 1oo .  C r u d e  h e a t - s t a b l e  p r o t e i n  w a s  p r e p a r e d  b y  h e a t i n g  a s o l u t i o n  o f  
t h e  4 o - 8 o  % (Nll,)e.%()a f r a c t i m l  ~,f r a t  l i ve r  m i c r o s o m a l  s u p e r n a t a n t  in T r i s - l " l ) T : X  a t  7') ' tier 
20 llliI1. F o l l o w i n g  c c n t r i f u g a t i o n ,  t h e  s u p c r n a t a n t  s o l u t i o n  w a s  b r o u g h t  to  lOOt'0 s a t u r a t i o n  w i t h  
(Nl la )2S( )  I a t  r o o m  t e m p e r a t u r e  a n d  t h e  p r c c i p i t a t t ' d  m a t e r i a l  d i s s o l v e d  in a s m a l l  volulnt~ o f  
bu f fe r .  5 ° m g  ~f  p r o t e i n  w a s  a p p l i e d  to  a z c m  × 2o c m  c o l u m n  o f  S e p h a d c x  ( ; - ] o o  a n d  i r r i g a t e d  
a t  25 w i t h  " l ' r i s - E l ) T A  a t  a f low ra t t ,  o f  0. 3 m l / m m .  F r a c t i o n s  o f  i .  5 ml  w c r c  a n a l y z e d  for  p r o t e i n  
a n d  g l u t a t h i o l l t '  r c d u c t a s e  a c t i v i t y  as  d e s c r i b e d  p r e v i o u s l y  1. | ; l u a t c  f r ac t ion : s  (5 ° / t l )  w e r e  alst~ 
a s s a v t ' d  fo r  c o - f a c t o r  a c t i v i t y  in N : X l ) l ' l [ - d e p c n d e n t  r e d u c t i o n  o f  i n s u l i n  in r e a c t i o n  m i x t u r e s  
c o n t a i n i n g  o . - / t  m o l e  N A I ) l ' |  t, l ~ . t / t g  ptx~lcd % e p h a d e x  ( ;- t 5 ° e n z y m e  ( Fig .  5) a n d  2.o nag insu  li n. 
A c t i v e  e l u a t c s  w e r e  pot~h.d ;is i n d i c a t e d  a n d  c t m c c n t r a t c d  b v  p r e c i p i t a t i o n  w i t h  (NII4L, S¢) t a t  

containing NAI)PH, insulin, and tile Sephadex (;-15o component of l:ig. 5 active in 
I)TNB reduction. The distinct separation of a fraction active in insulin reduction 
from the heat-stabh.' glutathione reductase component present in the same preparation 
ix apparent. The corot)orient active in insulin reduction was concentrated by precipi- 
tation with (NH4)2S() 4, as indicated in Fig. 0, and its participation in the reduction 
c~f a number of disulfide substrates was examined. Expts. 5-9 of Table I l show that 
in all cases the addition of small amounts of the chromatograt~hically isolated heat- 
stable factor to the (heat-labile) reductase fraction obtained by gel filtration on 
Sephadex (;-i5o (Fig. 5) resulted in signitieant stimulation of enzyme activity toward 
a variety of disulfide substrates. In a number of cases (e.g. Expts. 81 and 91) notice- 
able reduction was obtained with the Sephadex (;-15o fraction alone; this observation, 
together with similar activities noted elsewhere (@ Figs. 4 and 8) suggest that chro- 
matographic fractions of heat-labile Inaterial are accompanied bv c~mtaminating 
quantities of the heat-stabh~ component. 

l;urther experiments bearing on the requirement for the heat-stable factor in 
disulfide reduction are shown in the spectrophotometric tracings of Fig. 7. The simul- 
taneous presence of small amounts of put|tied heat-labile Sephadex (;-15o (Fig. 5) 
and heat-stable Sephadex (;-IOO (Fig. 6) fractions resulted in rapid oxidation of 
NAI)Pt t  upon addition of the disulfide substrates insulin, cyst|he, or lipoate (Curves 
4 t~). In conformity with the observed behavior in the crude supernatant s.lutions, 
these activities were promptly abolished by I • IO -~ .XI arsenite. ()mission of either 

Ht.chtm. Hv,phys..4cla. 22o (HUo/  .It ~ t *'2 
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Fig. 7. NADlql-dependent  reduction of disultide substrates by chromatographically t)uritied 
conq.)ollents of rat liver microsomal supcrnatant, l*:eduction of disulfide suhstrates was measured 
spectrophotometrically &t 34om/* in i .oml Tris-l'2D'l'A (pH 7.5i. The Sephadex (,-15o and 
Sephadex G-~oo fractions refer, respectively, to the isolated components of Figs. 5 and 6 active 
in nucleotide-dependent (tisulfidc reduction. Components of the colnpletc systems ltt zero time 
were: 0.2 timole NAI)Ptt ,  z84 ttg Sephadex (;-15o fraction and 157/tg Sephadex ( ;qoo  fraction. 
Cystine (approx. o. 5/,mole), lipoate (i.o pmole), insulin (-.o nag), and arsenite (o. rHmole) were 
added at the times indicated. NAI)tl was substituted for NADPH in reaction mixture I. Cuvettes 
were balanced with respect to all components except the disulfide stfl>strates. 

Sephadex fraction from tile insulin-reducing system (Curves 2 and 3) also abolished 
nucleotide oxidati(m, as did tile substitution of NADH for NADPH in tile complete 
system (Curve I). 

In order to confirm the reducing activities of the foregoing ctiromatographic 
components, the fl~rmation of insulin sulthydryl groups in similar mixtures was 
measured. Incubation mixtures containing insulin, reduced nucleotide, and the Sepha- 
dex components were incubated aerobically, and the net thiol formation measured 
at intervals of time with I)TNB in 5 .X.I guanidine, as described earlieH. The data, 
summarized in Fig. 8, confirm the spectrophotometric experiments of the preceding 
tigure and indicate that in the complete system containing NADPH, the extent of 
reduction of insulin attained 85% of the calculated maximum. As in the case shown 
in Fig. 7 omission of either Sephadex fraction essentially abolished sulfllydryl for- 

I~iochim. l~iophys. Acta, 22o (I97o) 449-462 
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Fig. 8. Reduction of insulin as measured by formation of sulfl~ydryl groups in reaction mixtures 
containing reduced nucleotide and chromatographically purified components of rat liver inicro- 
somal supernatant. Reaction mixtures were incubated aernlfically in stoppered tubes at 25'. 
At intervals of time aliquots were assayed for sulthydryl groups with DTNB in 5 M guanidine 
as described previouslyh Values shown are corrected for initial sullhydryl content. (~omplete 
reaction mixtures contained, per ml of Tris-l: DTA (pll 7.5) the following components: 3.o/ramies 
NADPI-I, 4.0 mR insulin, x84#g SephadexG-~5o fraction (Fig. 5) and I57Hg Sephadex(;-1oo 
fraction (Fig. 6). C)- (), coinplete reaction mixture; / ,  /'~, complete minus Sephadex (;-15o 
fraction: A-- 'A, complete minus SephadexG-IOO fraction; [----~, complete minus insulin: 
II-- II, complete, with NADH in place of NADPH; • . . . .  Q, data taken froin an earlier experi- 
ment in which insulin was incubated with NAI)PII and 6oot~g of the Sephadex (;-I5O comt)onent 
and no Sephadex (;-too component. The horizontal dashed line at -I .o #moles sulflD'dryl represents 
xoo~!i, iilsulin reduction. 

mation,  as did the subst i tut ion of N A D H  fl)r N- \ I )P I t .  The dashed curve of Fig. 8 

shows the results of  an earlier exper iment ,  in which insulin reduct ion was fimnd to 

occur in a reaction mixture  lacking the Sephadex G-Ioo component  but containing a 

substant ia l ly  greater  quan t i t y  of the Sephadex G-x5o fraction (6oo #g) than that  

uti l ized in the other  mixtures  indicated in this figure (18 4 #g). The somewhat  slower 

but  nevertheless substant ia l  formation of sulfhydryl groups observed in the earlier 

exper iment  is compat ible  with the suggestion that  Sephadex G- i5o  tmrified heat-  
labile component  is con tamina ted  with a small amount  of the heat-stable component .  

DISCUSSION 

The observat ion tha t  the nucleot ide-dependent  disulfide-reducing ac t iv i ty  of 

rat l iver cytoplasm is resolvable into heat-labile and heat-stable components ,  both 
of which are required for enzyme act ivi ty ,  is consistent  with a previous suggestion 1 

tha t  such ac t iv i ty  may  be catalyzed by a thioredoxin or thioredoxin-l ike system. By 

analogy with the known heat stabili t ies of the components  of the thioredoxin systems 

Biochim. Btophys. Acta, 220 (197o) 4-t9-4~,2 
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o f  l (schevichia coli 2 4 and rat  het)aton~a "-7, it is i>ss ibh '  to speculate  fur ther  tha t  the 
h<tt-stal~le and hcat-lal~ih' fractions isolated in the present work may  c~>rrcspmd, 
rcq~ect ivdy,  to th ioredoxin  and th iorcdoxin rvductasc,  lh~wewr,  <t tinal r<mdusi~m 
~>n this point  must  await  fur ther  purif icat ion and d m r a c t c r i z a t b n  of thcsv isdatt>d 
products .  In par t icu lar ,  it would tie of" interest  t~) dt.t0rmine whether  thesc lracti~ms 
can i )ar i ic ipatc  in mlcl~ 'ot idc-dq)endenl  rcdm'ti~m of ril)onuch,~,t ides by ril>onud~'<,tid~' 
r('(hl('ta~:,e (if tUltl()r or (,thvr t)r()lifcrating tisstlC. 

Inaslnm:h as the thiort ,doxin s \ s t o m  was ()riginally isolatcd ;is a c(mG)onent (>f 
it bacter ia l  s \ s t vm l )ar t ic ipat ing in rit~onuclcoside l)host)hatc reducl ion a,a its r ,+ '  in 
r d a t i o n  to this luncti~m has qui te  na tura l ly  bccn ~.mphasizt,d. I-l~wv\cr, in vi~,w ~,I 
tilt', prcsencc ~)f essent ia l ly  idt:ntical disulf ide-reducing s \ ' s t tu i s  in ', 'east <'-':l whidl  
pa r t i c ipa te  in the reduct ion of l.-naethioninv sulf(JxidP or a c t i \ a t t ' d  sulf;.ttc 1°'11, ;is 
well ;is tile obs~,rvati,m t M t  i~,m-t>rdiferating liver cells, whid l  lack the al~il i t \  t~> 
reduce ribonuc]cosidc ph~sphatcs: ' ,  v,~a, ( 'ontaill liOrllial ;.tntllUllt> ~lf tilt' th iorcdoxi i l  
s vstcni i2, i t  ha> been suggested ~ that  thc th i<~rc&xin sxstt 'm I l ia\ '  I laxt' a bl~ader 
fu i tc t ion in disul lktu reductiori .  

Although the il{llurt' 4if the ]leat-stal)lc conlpliliPIlt is pi't'st:ntlv ullkllo\tII, its 
ap lmrcnt  re tent ion  l(~lh~wing cfticient dialxsis  lor [_, 2 4 h w~mld suggest tha t  it p~s- 
sesses a nlolt :cular weight  o l a t  least scx'~,ral t l l l lusand, l l t  addi t ion,  i t  has I)e~,n ot)svrvcd 
that f o i l < r i n g  several c\'clcs of fr0czc thaw <lr prohmged storage at 2o , lhc  ,-~l- 
factor ac t iv i ty  of the (:hr(inlatograi)hit 'ally i s d a t c d  hea t -s tab le  conlpoll(.!llt is grea t ly  
reduced;  h~\vever, subs tan t ia l  r cco \e rv  of actix ' i tv c~uld be' ob ta ined  by incubati~m 
~f the inact ive  mater ia l  with 5 ° mM d i t h i o t h r t d t d ,  suggesting a rcquirenwnt  l~r ~>ll~. 
or mort, functional  su l thydryl  groups. 

l{ecent l \  ()NI)ARZ.\ ANI) .,\BNI?f 14 ]i;.t\'c reportt ,d tilt' pa r t ia l  pur i t icat ion ~1" ;l 
t lavin-conta ining X A l ) P H - d c p e n d e n t  ( 'o . \SS( i  reductasc  from the sdub l0  lracti~m 
<,f rat  liver. Al though the enzvmt, was similcu" to tilt' reductase  repor ted  h~',c with 
respect  to its inllit~iti~)n l i \  arsenate, neit]ler its ac t iv i ty  toward <,tht.r disulfide stilt- 
strales nor its di>peildt'nct ' i)ll il heat-stable f racl i ( in was ieported. 

IAke thc ac t i v i t y  cxh ib i t vd  b \  crudc ] ivcr  t 'XtlaCis 1 t i le (;Sl-I disulf ide t rai ls- 
hydrogenase ac t i x i t \ '  apl i t 'ar ing w i th  t i l t '  f ract ion of p r o t d n  unrc ta incd I ) \  l ) l ' ; , \ l " . -  

cellulose (l:ig. :e) l>OSst,ssc, d ca ta lv t ic  activit\" tliW;.trd both pr~ltt'in (insulin) ;.tnd llon- 
protc'in (hydr,~xycthyldisult ide) substra tcs .  The dironiatt>grcq~hically i s d a t e d  enzyme 
proved t<) bc vt,r\" un>tabh,; s d u t i o n s  ~,1" the elizx'ntv rap id ly  acquirc'd a t3riinminccd 
viscosi ty foll~wed eventua l ly  by t)recipitat ion of mater ia l  and c~msidcrable h~>s <~1 
ac t iv i t \ ' .  This te l idencv toward  aggregat ion could account for the ra ther  diffuse 
distribllti<)n of t ranshydrogenase  ac t iv i t \ '  ol3servcd b . t h  throughout  tilt' (Nl4.1)eP,().l  

tracti~lns of  rat l iver  supcrnatant  and in the fract ion of r~,sin-ads<~rbcd pr~>tdn d u t v d  
tr~lm l ) l ' ;A l ' ] - cdMose  I t \  the salt gradient  (1;ig. e). 

The [ ral ls l lydroTel laSt,  >tudivd here rcsembles it nUilll>t'r lip s i l i l i l ; i r  el l l .Vl l l t> 
t>re\ iouslv puri t ied froi l I  \cast  It', I'Jl)vin~' k idney l-i, l ind rat lix'er l:,l~, par t i cu la r ly  w i th  
rcst)e(t t() its instal) l i l ly  and l)('haxit)r (in 1)l'].,\l"-('cllul(>sc. Ill atlditi~)n, tilt' l)uriticd 
cnz\ l l l ( '  at>pearcd able to ca ta lyze  rediicti()n (if dislllti(h' I)()nds in pr()t(,ins su('ll ils 
insulin {Fig. 3) and 7-gl()bulin (Unl)ul)lishcd). ll()w(,\'cr, t hcw la t te r  rcduc'ti()I> rc- 
quirt 'd the use ()f(( ,nsidcrl l t )h higher (()n(entrat i( ins (if (;SI-I 0'..q'- 2 5 txn]dvs. 'Inl) than 
those gent,rally ('mt>l()yed with the s impler  n()n-pr()tdn disulfi(lc substra t t ' s  (c.<'. 
o. i o.2 5/xni()h./ml), as wall as soinewhat  ant)r(' itlkalint' ('()nditi()l>, st) that  (liffor(,n('('s 

I;z,rDm~. Hi, , l>hvs..- Ida, _'zo (m7o/ -t-0 4 I'-' 
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in substrate specificity may  possibly be accounted fl~r in terms of the experimental 
conditions employed. 

It is also worthwhile to consider the possible relationship between the trans- 
hydrogenase act ivi ty described here and the previously described "GSH-insul in 
t ranshydrogenase" of  bovine liver, whose act ivi ty was first reported by KArZVN 
AND ~TFfI"I'FN 1~'~. Alth(lugh this enzyme can also catalyze the reduction (if insulin by 
(iSII,  as measured by means (1t" the same ('(rot)led system, it has consideral)lv less 
act ivi ty  toward other disulfide substrates, either protein or non-protein in nature. 
This difference, as well as the finding (F. "l'nTrzE, unpublished) that  rat liver " G S H -  
insulin t ranshydrogenase" is most likely microsmnal ill origin, would indicate that  
these two enzymes are distinct entities. 

The occurrence of two different enzyme svstems in liver cytoplasm, each of 
which appears able to catalyze non-specific reduction of disulfide bonds, raises the 
question of their intracelhflar roles. Reference has already been made to the p(~ssible 
identi ty of the nucleotide-dependent reductase with the thioredoxin system. Specu- 
lation as to the specific function(s) of the observed transhvdrogenase act ivi ty seen> 
unwarranted at the present time other than to note that  the presence of this act ivi ty 
in the same soluble fraction which contains also the bulk of the glutathione reductase 
act ivi ty  accords logically with the central role generally thought  to be played bv the 
gluta thione-gluta thione reductase system in the maintenance of cellular thiol groups. 
Possibly these reductive systems are related in some way to recent findings "°,'-'1 tha t  
a substantial  fraction of cellular thiols of low molecular weight, such as GSH and 
cysteine, are bound to cytoplasmic proteins in the fi~rm of mixed disulfides; regener- 
ation of thc component  thiols from these mixed disulfidcs might well inw)lve partici- 
pation of one or the other of the enzyme systems described here. The possible role of 
the thiol disulfide t ranshydrogenase reaction in the reduction of cystine by }'east 
in viv0 has been suggested by NAGAI AN 1) BkACK ~5. More recently, S'I'ArES ANt) .'SE(;AI. 2'~ 
have reported the presence of ( ;Sl t-cvst ine transhydrogenase activities in both 
soluble and lysosomal fractions of rat intestinal nmcosa and have commented  on the 
possible bearing of this finding on the det)osition of cvstine crystals seen in human 
c\'stinosis. 
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