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Summary 

The cytoplasmm NADPH<lependent  prostaglandm D2 l l - k e t o  reductase 
from rabbit  hver was purified by  a serms of  chromatographm procedures includ- 
ing lsoelectrm focusmg The enzyme catalyzed the conversmn of  prostaglandm 
D2 to prostaglandm F2~ and had a pH o p h m u m  of  7 0--7 5, and an lsoelectrm 
point  o f  5.8. The molecular weight was estimated to be 66 000 by  sodmm 
dodecyl  sulfate-polyacrylamlde gel electrophoresls. Enzymm actlwty was time 
and concentratmn dependent  and reqmred NADPH as cofactor.  

In t roduchon  

Prostaglandm D2 is a sigmflcant product  of  arachldomc amd cascade m many 
tissues [1] Recently,  prostaglandm D2 has been Identified as the  major prosta- 
glandm formed m rat brain and neuroblastoma cells [2] The enzyme, prosta- 
glandm D: synthetase, has been purified to homogenei ty  and clearly dlstm- 
gmshed from that of  glutathlone S4ransferase [3] It has been demonstrated 
that  prostaglandm D2 is released by  platelets during aggregation [4],  and has 
also been found to be one of  the potent  mhlbltors o f  platelet aggregation, with 
a po tency  only less than that  of  prostacychn (prostaglandm I2) and its metabo- 
hte, 6-keto-prostaglandm E1 [5,6] 

Recently,  Elhs and coworkers  [7] have found that  over two-thirds of  the  
prostaglandin D2 metabohte  of  the  monkey  have the cyclopentane 1,3-dlol ring 
structure (prostaglandm F2~), and they  suggested that  the refused prostaglandm 
D2 may have been converted to prostaglandm F2~ by  an 11-keto reductase 
before it was further metabohzed by  15-hydroxyprostaglandm dehydrogenase 
and 13-oxldatmn. 

In the  present mves t~a tmn,  we have demonstrated prostaglandm D: 11-keto 
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reductase actlwty in the rabbit hver and have punfled this enzyme Thus, pros- 
taglandm D2 l l - ke to  reductase may be a major enzymm pathway for the trans- 
formation of endogenous prostaglandln D2 to prostaglandln F2, Detailed 
studies on the occurrence and the distribution of  the enzyme in various tissues 
of  the rabbit by Remgold and coworkers [8] are presented in the accompany- 
mg paper 

Matenals and Methods 

A Preparatzon o f  crude extract New Zealand wh:te male rabbits (2--3 kg) 
were anesthetized with sodium pentobarb:tal (25 mg/kg, intravenous) After 
mldllne laparotomy, the liver was exposed The portal vein was cannulated and 
the hver was flushed with 200 ml of  50 mM Trls-HC1 (buffer 1, pH 7.4}, 0 1 
mM dlthlothreltol,  removed and cut into small pieces 50 g of  thin slices were 
homogenLzed m 5 vol me-cold buffer 1 with a Polytron homogenization pro- 
cess which was repeated twice. The fmal homogenate was centrifuged at 
8000 × g for 20 mln The supernate was centrifuged further at 105 000 × g for 
60 mln m a Beckman model L-75 ultracentrifuge using a type W-28 rotor The 
supernatant is referred to as fractmn I 

B A m m o n m m  sulfate fract~onat~on All purlfmatmn steps were carrmd out 
at 4°C The prec:pltate of  30--60% saturatmn of  ammonium sulfate was pre- 
pared and resuspended in 20 ml of  buffer 1 and dmlyzed three tunes with 100 
vol of  buffer 1 (fraction II) 

C DEAE-Sephadex chromatography The dialyzed fraction was loaded onto 
a DEAE-Sephadex (A50-120) column (4 × 30 cm) previously equilibrated with 
buffer 1. The column was first washed with 500 ml of  the same buffer, then 
the enzyme was eluted with a step-wise gradient of NaC1 (0.2 and 0 5 M) in 
buffer 1. Fractmns contammg l l -ke to  reductase actlwty were pooled and con- 
centrated by an Amlcon ultraffltratmn cell using a 10 000 dalton cut-off mem- 
brane (PM-10) (fractmn III) 

D DEAE-cellulose chromatography A DEAE-cellulose column (4 × 30 cm) 
was equilibrated with buffer 1 Fraction III was applied onto the column and 
the column was first washed with 500 ml of  the same buffer The enzyme was 
then eluted by a step gradient of  NaC1 (0.1--0 2 M) in buffer 1 The enzyme 
actlwty was eluted as a single peak by the same buffer (0.1 M NaC1). Active 
fractmns were pooled and concentrated immediately to 10 ml by using an 
ultraffltratlon cell as described before 

E Analytical ~soelectnc focusing and gel electrophores~s Enzyme fractions 
(10--20 mg of  protein) obtained from the DEAE-cellulose column were applied 
to the top of  a sucrose gradmnt focusing column (LKB) containing 1% Ampho- 
hne (pH range 3.5--10) Focusing was started at 250 V and the voltage was 
gradually raised to 400 V after 2 h. Total focusing tune was 16 h. Fractions 
were collected and the prostaglandln D2 l l -ke to  reductase activity was moni- 
tored by the radmmetrm assay method described below 

Electrophoresls, using discontinuous sodium dodecyl sulfate (SDS) polyacryl- 
amlde gels, was performed at 22°C m a slab gel whmh contained a hnear 5--15% 
acrylamlde gradmnt [9] N,N,-Methylene blsacrylamlde was kept constant at 
2 5%, the buffer system was that  described by Laemmh [10] Electrophores:s 
was performed at 2 mA/gel until the marker dye (Bromophenol blue) 
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approached the end of  the  gels Protein was stained with Coomassle bnlhant  
blue. 

F Rad~ometrzc assay ofprostaglandm D2 11-keto reductase [5,6,8,9,12,14,- 
15(n)-3H]Prostaglandln D2 (100 C1/mmol) was a gift from Dr Dawd Ahem of 
New England Nuclear The purity of  the  [3H]prostaglandin D2 was estabhshed 
by  thin-layer chromatography (TLC) (TLC plate, 0 25 mm thick, 5 × 20 cm 
slhca gel precoated plastic sheets, Brlnkmann) with two solvent systems (A) 
ethyl acetate/acetm acid (99 1, v/v), (B) organic phase of  1so-octane/ethyl 
acetate/acetm acid/water (25 55 10 50, v/v) Radlochromatogram scans 
showed a smgle peak of  [3H]prostaglandm D2 on TLC plates with R F values of  
0.65 for system A and 0.75 for system B. 

The assay mixture contained NADPH (4mM) ,  [3H]prostaglandln D2 
(500 00 dpm/5  nmol),  0.5--0.9 ml of  the  enzyme fractions collected from the 
columns or  10--25 ~g of  pro tem of  the  purified enzyme from the lsoelectrm 
focusing column, and with Trls-HC1 buffer  (pH 7 4, 50 mM) with 0 1 mM dlthlo- 
threltol  to the  final volume of  1 ml After mcubatmn at 37°C for 60 mm, the 
reaction was stopped by  acldffmatlon (pH 3.0) and extracted with me-cold 
ethyl acetate (3 ml) and dried under a stream of  N2. The residue was redls- 
solved in 100 ~1 of  dry acetone,  apphed to a TLC plate and separated in solvent 
system B with comzgratmn of  authentm prostaglandm D2, prostaglandm E2 
and prostaglandm F2~. Radmactlve zones on the TLC plates were located by  
radlochromatogram scanning (Packard radlochromatogram scanner, Model 
7320) and ldentffmd by  comparison with the  moblhtles of  authentm standards. 
Zones corresponding to prostaglandm F:~ and prostaglandln D2 were cut  out  
and suspended in 10 ml of  0.4% Omnlfluor and 20% Triton X-100 toluene 
hquld scmtlllatmn flmd and counted in a Beckman L-75 hquld scmtfllatmn 
counter  The observed cpm in both  prostaglandln F2~ and prostaglandm D2 
zones was converted to pmol  of  prostaglandm F2~ formed after 60 mln of  lncu- 
ba tmn The specific act lwty of  the  enzyme was expressed as pmol  of  prosta- 
glandm F2~ formed/h  per mg protem. Protein concentratmn was determined b y  
usmg the method of  Lowry  et al. [11] using bovine serum albumin as a stan- 
dard. 

G Platelet preparattons and aggregation studies Blood was drawn from 
volunteers who had not  taken acetylsahcyhc acid or other  drugs for the pre- 
cedmg 10 days 9 parts o f  whole blood were mtxed with 1 part of  3.8% sodmm 
citrate to a total  volume of  5 ml in a plastm tube  The platelet-rmh plasma was 
removed with a sflmonlzed pipet te  after centrifuging blood at 150 × g for 10 
mm. Platelet<lepleted plasma was prepared by  centrifuging the remaining blood 
at 12 000 × g for 10 mln. The final platelet count  in platelet-rmh plasma was 
adjusted to 2 • 108/ml with platelet-depleted plasma. The platelet aggregatmn 
studms were perfomed with 0.5-ml allquots of  platelet-rmh plasma sttrred at 
1200 r e v / m m  at 37°C m a dual-channel Payton aggregatmn module,  and trans- 
cribed on a hnear recorder (Payton Assocmtes, Buffalo, NY) 

Results 

The punfmat lon steps of  prostaglandm D2 11-keto reductase, speclfm activ- 
ities and percentage of  ymld during purification are summarized in Table I In 
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T A B L E  i 

P U R I F I C A T I O N  OF P R O S T A G L A N D I N  D 2 l l - K E T O  R E D U C T A S E  F R O M  R A B B I T  L I V E R  

Fractzon Tota l  Tota l  Specifzc Puxzfmahon Percentage  
p r o t e m  actzvlty act iv i ty  ( - fo ld)  r ecove ry  
(mg)  (pmol )  ( p m o l / m g  

p r o t e m )  

I Crude ex trac t  2502  648 0 25 1 100 

I I  A m m o m u m  sul fate  
preczpztate (30- -60%)  1987  630  0 32 1 26 97 2 

I I I  D E A E - S e p h a d e x  192 554 2 89 11 5 85 5 

IV DEAE-cel lu lose  53 315 5 90  23 5 48 6 

V I s o e l e c t n c  focus ing  6 153 25 52 101 7 23 6 

this procedure, the prostaglandm D2 l l - k e t o  reductase was separated by a 
DEAE-Sephadex column from other proteins (Fig. 1) by a step gradient of  NaC1 
(0 2 and 0.5 M) The enzyme was eluted with 0.2 M of  NaC1 When the 
enzyme fractzons were apphed to a DEAE-cellulose column, the enzyme activ- 
ity was eluted as one peak. When the material from the DEAE-cellulose column 
was focused m an zsoelectnc focusmg column contammg a pH gradient of  3 5-- 
10, the enzyme activity was found to be located m the fractmns where the pH 
was 5.8, indicating the zsoelectnc point (pI) of  the enzyme (Fig. 2). 

The enzyme activity was found to be time and protein concentration depen- 
dent and to have a pH optLrnum of  7 5. The effect of  reduced pyndme nucleo- 
tides was measured at constant concentration or by an NADPH-generatmg sys- 
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Fig 1 DEAE-Sephadex column chromatograph The desalted fraction of ammonium sulfate (30--60%) 
prec ip i ta t ion  was  apphed  to  a D E A E - S e p h a d e x  c o l u m n  (4 X 30 c m )  previously  equthbzated w i t h  buffer  1 
The e n z y m e  w as  e lu ted  w i t h  0 1 M NaC1 m b u f f e r  1 10-ml  fzactzons w e r e  c o l l e c t e d ,  and the  pzos tag landm 
D2 11-keto  zeductase  act iv i ty  assayed b y  the  r a d z o m e t n c  assay (e e)  Prote in  c o n c e n t r a t i o n  wa s  
m o m t o z e d  b y  the  absozbance  at  280  nM (~ A) 
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Fig 2 Pur i f i ca t ion  of  pzos tag landln  D 2 l l - k e t o  r e duc t a s e  b y  l soe lec tnc  focusing Th e  e n z y m e  f rac t ions  
ob t a ined  f r o m  DEAE-ceUulose  c o l u m n  c h r o m a t o g r a p h y  were  c o n c e n t r a t e d  by  ul t raff l txat lon A p p r o x  20 
m g  of p ro t e i n  were  e lec txofocused  P r o s t a g l a n d m  D 2 l l - k e t o  r educ t a se  ac t iv i ty  (e e)  and  the  pH 
value  (o o) were  d e t e r m m e d  at  every  s econd  f r ac t ion  P r o s t a g l a n d m  D 2 l l - k e t o  r ed u c t a se  ac t lm ty  

w a s  d e t e r n n n e d  b y  r a d m m e t r l e  assay 

tem whmh contained the following mixture NADP*, 2 0 mM, glucose 6-phos- 
phate, 3.5 mM, and 2 umts of  glucose-6-phosphate dehydrogenase.  The conver- 
sion of  [3H]prostaglandm D2 to [3H]prostaglandm F2~ only occurred m the 
presence 'of NADPH (4 mM) and the NADPH-generatmg system, with a specl- 
fm actwlty  of  5.1 and 4.8 pmol /mg protein, respectively. NADH (4 mM) had 
lower activity (1.6 pmol /mg protein) and, with NAD ÷ or NADP ÷ as cofactor,  
act lwty was not  detectable.  The result suggested that  l l - k e t o  reductase is an 
NADPH<lependent  enzyme. The Km value for [3H]prostaglandm D2 was esti- 
mated to be 200 p~vI. After  electrophoresls on an SDS-polyacrylamlde gel, the  
enzyme was found to be one major band with a molecular weight estnnated 
to be 66 000, as compared to protein with known molecular weight on the 
same gel (Fig. 3) 

The enzyme was clearly dlstmgmshable from 9-hydroxyprostaglandm dehy- 
drogenase based on the foUowmg observations (1) no 9-hydroxyprostaglandm 
dehydrogenase actzwty was detected with the  punfmd fraction of  l l - k e t o  
reductase when either prostaglandm F:~ or 6-keto prostaglandm FI~ was used as 
substrate; (2) NAD ÷ was not  a reqmred cofactor  for the conversion of  prosta- 
glandm D2 to prostaglandm F2~, (3) the  pI  value of  l l - K e t o  reductase was 5.8, 
whereas that  o f  9-hydroxyprostaglandm dehydrogenase was found to be 5.0. 
[12].  

Radmchromatogram scans of  the extracts of  the mcubatmn of [3H]prosta- 
glandm D2, with punfmd l l - k e t o  reductase and NADPH (4 mM) as cofactor,  
showed one major radmactwe peak corresponding to the mobflltms of  prosta- 
glandm F2~ (Fig. 4A and B) Controls assayed at zero time and boiled enzyme 
did not  show any conversmn of  [3H]prostaglandm D2 to [3H]prostaglandm F2~ 
(Table I and Fig 4) Since prostaglandm D2 is a potent  inhibitor of  platelet 
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Fig  3 SDS-po lyaczy lamzde  gel electxophozeszs of  t he  pt tr l f led p r o s t a g l a n d m  D 2 l l - k e t o  r e d u c t a s e  The  
pur i f i ed  e n z y m e  o b t a i n e d  f r o m  l soe l ec tnc  focus ing  (20 pg)  was  a p p h e d  to an  S D S - p o l y a c r y l a m l d e  gel (A)  
A slab gel w i t h  a 5 - -15% lmeax  p o l y a c r y l a m l d e  g r a d i e n t  was  p r e p a r e d  a c c o r d i n g  to  the  m e t h o d  of  
L a e m m h  [10]  P r o t e i n  was  s t a ined  w i t h  C o o m a s s l e  Brf lhant  b lue  The  m o l e c u l a r  w e i g h t  was  cahbza ted  

wi th  b o w n e  s e r u m  a l b u m i n  (BSA,  M r = 67 000 ) ,  o v a l b u m m  ( O V A L ,  M r = 42 000) ,  s o y b e a n  t r y p s i n  inhib-  
i t o r  (TI ,  M r = 21 0 0 0 )  a n d  n b o n u c l e a s e  A ( R N A a s e ,  M r = 13 700)  (B) A i n d i c a t e d  t h a t  t he  m o l e c u l a r  
w m g h t  o f  t he  p z o s t a g l a n d m  D 2 l l - k e t o  zeduc tase  m r a b b i t  h v e r  was  e s t i m a t e d  to  be  66 0 0 0  

aggregatmn, the loss of platelet antl-aggregatory activity of the prostaglandm 
D2 after mcubatmn with the punfmd l l -ke to  reductase was also examined. Fig 
4C and D shows the disappearance of antl-aggregatory actlwty of the extracts 
of the assay mixtures after they were incubated for 60 mm with the purffmd 
enzyme m the presence of NADPH (4 mM) as cofactor The loss of antl- 
aggregatory actlwty coincides vnth the conversion of [3H]prostaglandm D2 
to [3H]prostaglandm F2~, the latter bemg machve on platelet aggregatmn 
[13]. 

D i s c u s s i o n  

Many tissues, including platelets, generate prostaglandm D2 from arachldomc 
acid or endoperoxldes (prostaglandm G2 and prostaglandm H2) [1] Although 
the blologmal actions of various prostaglandlns have attracted much attention, 
the effects of prostaglandm D2 have received httle interest. The interest m pros- 
taglandm D2 has further declmed since the discovery of prostacyclm [14] 
Recently, two groups of investigators reported the transformation of prosta- 
glandm H2 to prostaglandm D2 with rat brain homogenates [15,16] These 
mveshgators clearly demonstrated the enzymatm synthesis of prostaglandm D2, 
and suggested a physlologmally slgmfmant role for this prostaglandm whmh has 
occasionally been regarded as a degradation product of prostaglandm endo- 
peroxides Futhermore, ShEnlzu et al. [3] and Chrtst-Hazelhof and Nugteren 
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Fig 4 (A,  B) R a d l o c h r o m a t o g z a p h  scan of  the  r a d ] o m e t n c  assay of  p ros t ag land ln  D2 l l - k e t o  r edue t a se  
and  (C, D) b loassay  of  the  p ros t ag l and ln  D2 l l - k e t o  r educ t a se  on  p la te le t  aggrega t ton  (A, B) Purif ied 
e n z y m e  was  i n c u b a t e d  wi th  [ 3 H ] p r o s t a g l a n d l n  D 2 (500  000  d p m ,  5 n m o l ) ,  N A D P H  (4 m M )  and  b u f f e r  1 
to  a v o l u m e  of  1 m l  A f t e r  i n c u b a t i o n  a t  37°C  fo r  0 (A)  a nd  60 m m  (B), the  r eac t ions  w e r e  t e r m i n a t e d  by  
a c l d l f l c a t m n  and  e x t r a c t m n  The  r a d m a c t l v e  p r o d u c t s  e x t r a c t e d  were  s epa ra t ed  b y  TLC (C, D) Th e  
e n z y m e s  were  assayed  as desc r ibed  above ,  excep t  t ha t  un labe led  p r o s t a g l a n d m  D 2 (14 n m o l )  was a d d e d  to 
t he  m c u b a t m n  m i x t u r e  b e f o r e  t he  a d d l t m n  o f  the  e n z y m e s  A f t e r  m c u b a t m n  at  37°C for  0 (C) and  60 
m m  (D),  t he  r e a c t m n s  were  t e rmLnated  a nd  e x t r a c t e d  as desc r ibed  Th e  e x t r a c t e d  p r o d u c t s  were  resus- 
p e n d e d  in Tns -HCI  b u f f e r  (pH 7 5, 50 raM) a nd  a 5 pl a h q u o t  of  each  suspens ion ,  e q m v a l e n t  to  20 ng  of  
p r o s t a g l a n d m  D 2, and  were  t e s t ed  fo r  the i r  bmlog lca l  a c t l w t y  on  the  inh ib i t ion  of  A D P - m d u c e d  p la te le t  
aggrega t ion  as c o m p a r e d  to  au then tac  p ros t ag l and ln  D 2 and  p r o s t a g l a n d m  F2c ~ s tandards  [5]  P G F 2 ~ ,  
p r o s t a g l a n d m  F2~  , PGE 2 , p ros t ag land ln  E 2 , PGD 2 , p r o s t a g l a n d m  D 2 

[20] have demonstrated that, m the rat bram and spleen, prostaglandln D2 is 
enzymmally transformed from prostaglandln H~ by the enzyme prostaglandm 
D2 synthetase Although the physlologmal role of  prostaglandln D2 has begun 
to unfold, very httle is known about the enzyme system(s) which is responsible 
for the metabohsm of  this prostaglandm. 

In the present studms we have purffmd the enzyme, prostaglandln D2 l l -keto  
reductase, from rabbit liver as lndmated by a single band on gel electrophoresls 
and lsoelectnc focusing Hensby [17] first reported the conversion of  prosta- 
glandm D2 to prostaglandm F2~ m sheep blood m wtro. Elhs et al. [7] reported 
that the convermon o f  prostaglandm D2 to prostaglandm F2~ metabohtes 
strongly suggested the presence of  a unique enzymm system m the metabohsm 
of  prostaglandm D2 in wvo. The purlfmd prostaglandm D2 l l -keto  reductase 
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from rabbit hver was able to convert prostaglandm D2 to the corresponding 
prostaglandm F2~, but not F2~ (unpubhshed data), suggestmg that the reduc- 
tion of  prostaglandm D2 to prostaglandm F2~, catalyzed by l l -keto  reductase, 
was stereospecffm. 

The apparent action of  l l -keto  reductase m the metabohsm of  prostaglandm 
D2 is analogous to the demonstrated role of  a 9-keto reductase m the metabo- 
hsm of  prostaglandm E2 [18]. Since prostaglandm D2 1s a poor substrate for 
15-hydroxyprostaglandm dehydrogenase [19], prostaglandm D~ may be con- 
verted to prostaglandm F2~ before it is able to be metabohzed by the 15-hy- 
droxyprostaglandm dehydrogenase (Fig. 5) 

In thetr study on the distribution of  11-keto reductase m various tissues of  the 
rabbit, Remgold et al [8] found this enzyme to be present m highest concen- 
tratmn m the hver This fact, together with our results regarding prostaglandm 
D2 l l -keto  reductase, suggests the rapid mterconversmn of prostaglandm D2 to 
prostaglandm F2~ m the hver The loss of  blologmal actlwty of  prostaglandm 
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Fig 5 Proposed m e t a b o h c  p a t h w a y s  o f  prostag landm D 2 b y  prostaglanchn D 2 1J-keto zeductase  m rabbit  
hver PG, prostaglandm 
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D2 in passage through the rabbit hver may  result from its conversion to prosta- 
glandm F2~ by  the enzyme l l - k e t o  reductase Studies on incubation of  prosta- 
glandm D2 with the  purified enzyme resulted in the loss of  its antl-platelet 
aggregatory activity. This fmdlng is consistent with the conversion of  [3H]pros- 
taglandm D2 to [3H]prostaglandm F2~, and suggests that  l l - k e t o  reductase may 
be an important  metabohc  pathway for the metabohsm of  prostaglandln D2 in 
sltu Thus, reports on the est lmatmn of  prostaglandm F2~ generation by  tissues, 
as measured by  its metabohtes ,  must  be re-examined to account  for the possi- 
ble contr lbutmn b y  the conversion of  prostaglandln D2 to prostaglandln F2~ 
Furthermore,  measurements of  the  blologmal effect of  prostaglandln D: m 
wvo will depend upon  whether  prostaglandm F2a has a similar or opposi te  blo- 
logmal effect  to that  of  prostaglandm D2. Since prostaglandln F2~ is a potent  
vasoconstrictor [8,16] and has no effect  on platelet aggregation [13],  the 
conversion of  prostaglandln D2 to prostaglandm F2~, catalyzed by  the enzyme 
prostaglandm D2 l l - k e t o  reductase, may result m the potent la tmn of  the mus- 
culotroplc activity and ehmlnatlon of  the antl-aggregatory act lwty of  prosta- 
glandm D2 
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