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Summary

The cytoplasmic NADPH-dependent prostaglandin D, 11-keto reductase
from rabbit liver was purified by a series of chromatographic procedures includ-
ing 1soelectric focusing The enzyme catalyzed the conversion of prostaglandin
D, to prostaglandin F,, and had a pH optimum of 7 0—7 5, and an 1soelectric
pomt of 5.8. The molecular weight was estimated to be 66 000 by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis. Enzymic activity was time
and concentration dependent and required NADPH as cofactor.

Introduction

Prostaglandin D, 1s a sigmficant product of arachidonic acid cascade in many
tissues [1] Recently, prostaglandin D, has been 1dentified as the major prosta-
glandin formed 1n rat brain and neuroblastoma cells [2] The enzyme, prosta-
glandin D, synthetase, has been purified to homogeneity and clearly distin-
guished from that of glutathione S-transferase [3] It has been demonstrated
that prostaglandin D, 1s released by platelets during aggregation [4], and has
also been found to be one of the potent inhibitors of platelet aggregation, with
a potency only less than that of prostacychn (prostaglandin I,) and 1ts metabo-
hite, 6-keto-prostaglandin E, [5,6]

Recently, Ellis and coworkers [7] have found that over two-thirds of the
prostaglandin D, metabolite of the monkey have the cyclopentane 1,3-d1ol ring
structure (prostaglandin F,,), and they suggested that the infused prostaglandin
D, may have been converted to prostaglandin F,, by an 11-keto reductase
before 1t was further metabolized by 15-hydroxyprostaglandin dehydrogenase
and B-oxidation.

In the present investigation, we have demonstrated prostaglandin D, 11-keto
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reductase activity in the rabbit liver and have purified this enzyme Thus, pros-
taglandin D, 11-keto reductase may be a major enzymic pathway for the trans-
formation of endogenous prostaglandin D, to prostaglandin F,, Detailed
studies on the occurrence and the distribution of the enzyme 1n various tissues
of the rabbit by Reingold and coworkers [8] are presented in the accompany-
mg paper

Matenals and Methods

A Preparation of crude extract New Zealand white male rabbits (2—3 kg)
were anesthetized with sodium pentobarbital (25 mg/kg, intravenous) After
midline laparotomy, the liver was exposed The portal vein was cannulated and
the hver was flushed with 200 ml of 50 mM Tris-HCI (buffer 1, pH 7.4),01
mM dithiothreitol, removed and cut into small pieces 50 g of thin slices were
homogenized 1 5 vol 1ce-cold buffer 1 with a Polytron homogenization pro-
cess which was repeated twice. The final homogenate was centrifuged at
8000 X g for 20 min The supernate was centrifuged further at 105 000 X g for
60 min 1n a Beckman model L-75 ultracentrifuge using a type W-28 rotor The
supernatant is referred to as fraction I

B Ammonwum sulfate fractionation All purification steps were carried out
at 4°C The precipitate of 30—60% saturation of ammonium sulfate was pre-
pared and resuspended in 20 ml of buffer 1 and dialyzed three times 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 X 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 NaCl (0.2 and 0 5 M) n
buffer 1. Fractions containing 11-keto reductase activity were pooled and con-
centrated by an Amicon ultrafiltration cell using a 10 000 dalton cut-off mem-
brane (PM-10) (fraction III)

D DEAE-cellulose chromatography A DEAE-cellulose column (4 X 30 ¢m)
was equilibrated with buffer 1 Fraction III was applhed 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 NaCl (0.1—0 2 M) in buffer 1 The enzyme
activity was eluted as a single peak by the same buffer (0.1 M NaCl). Active
fractions were pooled and concentrated immediately to 10 ml by using an
ultrafiltration cell as described before

E Analytical 1soelectric focusing and gel electrophoresis Enzyme fractions
(10—20 mg of protein) obtained from the DEAE-cellulose column were applied
to the top of a sucrose gradient 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 time was 16 h. Fractions
were collected and the prostaglandin D, 11-keto reductase activity was moni-
tored by the radiometric assay method described below

Electrophoresis, using discontimuous sodium dodecyl sulfate (SDS) polyacryl-
amide gels, was performed at 22°C 1n a slab gel which contained a linear 5—15%
acrylamide gradient [9] N,N,Methylene bisacrylamide was kept constant at
2 5%, the buffer system was that described by Laemmli [10] Electrophoresis
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 Coomassie brilliant
blue.

F Radiometric assay of prostaglandin D, 11-keto reductase [5,6,8,9,12,14,-
15(n)-3H]Prostaglandin D, (100 Ci/mmol) was a gift from Dr Dawid Ahern of
New England Nuclear The purity of the [*H]prostaglandin D, was established
by thin-layer chromatography (TLC) (TLC plate, 0 25 mm thick, 5 X 20 cm
silica gel precoated plastic sheets, Brinkmann) with two solvent systems (A)
ethyl acetate/acetic acid (99 1, v/v), (B) organic phase of 1so-octane/ethyl
acetate/acetic acid/water (25 55 10 50, v/v) Radiochromatogram scans
showed a single peak of [*H]prostaglandin D, on TLC plates with Ry values of
0.65 for system A and 0.75 for system B.

The assay mixture contaned NADPH (4 mM), [®H]prostaglandin D,
(50000 dpm/5 nmol), 0.5—0.9 ml of the enzyme fractions collected from the
columns or 10—25 ug of protemn of the purified enzyme from the 1soelectric
focusing column, and with Tris-HC1 buffer (pH 7 4, 50 mM) with 0 1 mM dithio-
threitol to the final volume of 1 ml After incubation at 37°C for 60 min, the
reaction was stopped by acidification (pH 3.0) and extracted with ice-cold
ethyl acetate (3 ml) and dried under a stream of N,. The residue was redis-
solved 1n 100 ul of dry acetone, apphed to a TLC plate and separated 1n solvent
system B with comigration of authentic prostaglandin D,, prostaglandin E,
and prostaglandin F,,. Radioactive zones on the TLC plates were located by
radiochromatogram scanning (Packard radiochromatogram scanner, Model
7320) and 1dentified by comparison with the mobilities of authentic standards.
Zones corresponding to prostaglandin F,, and prostaglandin D, were cut out
and suspended 1n 10 ml of 0.4% Omnifluor and 20% Triton X-100 toluene
hguid scintillation fluid and counted in a Beckman L-75 hiqud scmtillation
counter The observed cpm 1n both prostaglandin F,, and prostaglandin D,
zones was converted to pmol of prostaglandin F,, formed after 60 min of incu-
bation The specific activity of the enzyme was expressed as pmol of prosta-
glandin F,, formed/h per mg protein. Protein concentration was determined by
using the method of Lowry et al. [11] using bovine serum albumin as a stan-
dard.

G Platelet preparations and aggregation studies Blood was drawn from
volunteers who had not taken acetylsalicylic acid or other drugs for the pre-
ceding 10 days 9 parts of whole blood were mixed with 1 part of 3.8% sodium
citrate to a total volume of 5 ml 1n a plastic tube The platelet-rich plasma was
removed with a siliconized pipette after centrifuging blood at 150 X g for 10
min, Platelet-depleted plasma was prepared by centrifuging the remaining blood
at 12000 X g for 10 min. The final platelet count in platelet-rich plasma was
adjusted to 2 - 10%/ml with platelet-depleted plasma. The platelet aggregation
studies were perfomed with 0.5-ml aliquots of platelet-rich plasma stured at
1200 rev /min at 37°C 1n a dual-channel Payton aggregation module, and trans-
cribed on a linear recorder (Payton Associates, Buffalo, NY)

Results

The purnification steps of prostaglandin D, 11-keto reductase, specific activ-
1ties and percentage of yield during purification are summarized in TableI In
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TABLE 1
PURIFICATION OF PROSTAGLANDIN D; 11-KETO REDUCTASE FROM RABBIT LIVER

Fraction Total Total Specific Purification Percentage
protewn activity activity (-fold) recovery
(mg) (pmol) (pmol/mg

protein)
I  Crude extract 2502 648 0 25 1 100
II Ammomum sulfate
precipitate (30—60%) 1987 630 032 126 97 2

III DEAE-Sephadex 192 554 2 89 115 855

IV DEAE-cellulose 53 315 590 235 48 6

V Isoelectnic focusing 6 153 25 52 101 7 236

this procedure, the prostaglandin D, 11-keto reductase was separated by a
DEAE-Sephadex column from other proteins (Fig. 1) by a step gradient of NaCl
(02 and 0.5 M) The enzyme was eluted with 0.2 M of NaCl When the
enzyme fractions were apphied to a DEAE-ellulose column, the enzyme activ-
1ty was eluted as one peak. When the material from the DEAE-cellulose column
was focused 1n an 1soelectric focusing column contamning a pH gradient of 3 5—
10, the enzyme activity was found to be located in the fractions where the pH
was 5.8, indicating the 1soelectric 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 optimum of 7 5. The effect of reduced pyridine nucleo-
tides was measured at constant concentration or by an NADPH-generating sys-
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Fig 1 DEAE-Sephadex column chromatograph The desalted fraction of ammoniwum sulfate (30—60%)
precipitation was applied to a DEAE-Sephadex column (4 X 30 cm) previously equilibrated with buffex 1
The enzyme was eluted with 0 1 M NaCl in buffer 1 10-ml fractions were collected, and the prostaglandin
D; 1ll-keto reductase activity assayed by the radiometric assay (® ®) Protein concentration was
monitored by the absorbance at 280 nM (A———2)
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Fig 2 Punfication of prostaglandin D, 11-keto reductase by 1soelectric focusing The enzyme fractions
obtained from DEAE-cellulose column chromatography were concentrated by ultrafiltration Approx 20
mg of protemn were electrofocused Prostaglandin Dj 11-keto reductase activity (@ ®) and the pH
value (O 0) were determined at every second fraction Prostaglandin Dy 1l-keto reductase activity
was determined by radiometric assay

tem which contained the following mixture NADP", 2 0 mM, glucose 6-phos-
phate, 3.5 mM, and 2 units of glucose-6-phosphate dehydrogenase. The conver-
sion of [®H]prostaglandin D, to [*H]prostaglandin F,, only occurred 1n the
presence 'of NADPH (4 mM) and the NADPH-generating system, with a speci-
fic activity 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,
activity was not detectable. The result suggested that 11-keto reductase 1s an
NADPH-dependent enzyme. The K., value for [*H]prostaglandin D, was est1-
mated to be 200 uM. After electrophoresis on an SDS-polyacrylamide gel, the
enzyme was found to be one major band with a molecular weight estimated
to be 66000, as compared to protemm with known molecular weight on the
same gel (Fig. 3)

The enzyme was clearly distinguishable from 9-hydroxyprostaglandin dehy-
drogenase based on the following observations (1) no 9-hydroxyprostaglandin
dehydrogenase activity was detected with the purified fraction of 11-keto
reductase when either prostaglandin F,, or 6-keto prostaglandin F,, was used as
substrate; (2) NAD"® was not a required cofactor for the conversion of prosta-
glandin D, to prostaglandin F,,, (3) the pI value of 11-Keto reductase was 5.8,
whereas that of 9-hydroxyprostaglandin dehydrogenase was found to be 5.0.
[12].

Radiochromatogram scans of the extracts of the incubation of [*H]prosta-
glandin D,, with purified 11-keto reductase and NADPH (4 mM) as cofactor,
showed one major radicactive peak corresponding to the mobilities of prosta-
glandin F,, (Fig. 4A and B) Controls assayed at zero time and boiled enzyme
did not show any conversion of [*H]prostaglandin D, to [*H]prostaglandin F,,
(Table I and Fig 4) Since prostaglandin D, 1s a potent mhibitor of platelet
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Fig 3 SDS-polyacrylamide gel electrophoresis of the purified prostaglandin Dy 11-keto reductase The
punfied enzyme obtamed from isoelectric focusing (20 ug) was apphed to an SDS-polyacrylamide gel (A)
A slab gel with a 5—15% linear polyacrylaimde gradient was prepared according to the method of
Laemmh [10] Protemn was staimned with Coomassie Brilliant blue The molecular weight was cahibrated
with bovine serum albumin (BSA, My = 67 000), ovalbumin (OVAL, M, = 42 000), soybean trypsin inhib-
1itor (TI, My = 21 000) and nbonuclease A (RNAase, M, =13700) (B) A indicated that the molecular
weight of the prostaglandin Dy 11-keto reductase in rabbit iver was estimated to be 66 000

aggregation, the loss of platelet anti-aggregatory activity of the prostaglandin
D, after mncubation with the purified 11-keto reductase was also examined. Fig
4C and D shows the disappearance of anti-aggregatory activity of the extracts
of the assay mixtures after they were mmcubated for 60 min with the purified
enzyme 1 the presence of NADPH (4 mM) as cofactor The loss of anti-
aggregatory activity comcides with the conversion of [*H]prostaglandin D,
to [*H]prostaglandin F,,, the latter being nactive on platelet aggregation

[13].
Discussion

Many tissues, including platelets, generate prostaglandin D, from arachidonic
acid or endoperoxides (prostaglandin G, and prostaglandin H,) [1] Although
the biological actions of various prostaglandins have attracted much attention,
the effects of prostaglandin D, have received little interest. The interest in pros-
taglandin D, has further declined since the discovery of prostacyclin [14]
Recently, two groups of investigators reported the transformation of prosta-
glandin H, to prostaglandin D, with rat bran homogenates [15,16] These
mvestigators clearly demonstrated the enzymatic synthesis of prostaglandin D,,
and suggested a physiologically significant role for this prostaglandin which has
occasionally been regarded as a degradation product of prostaglandin endo-
peroxides Futhermore, Shimizu et al. [3] and Christ-Hazelhof and Nugteren
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Fig 4 (A, B) Radiochromatograph scan of the radiometric assay of prostaglandin D, 11-keto reductase
and (C, D) bioassay of the prostaglandin D3 11-keto reductase on platelet aggregation (A, B) Purified
enzyme was incubated with [3H]prostaglandm D; (500 000 dpm, 5 nmol), NADPH (4 mM) and buffer 1
to a volume of 1 ml After incubation at 37°C for 0 (A) and 60 mn (B), the reactions were terminated by
acidification and extraction The radioactive products extracted were separated by TLC (C, D) The
enzymes were assayed as described above, except that unlabeled prostaglandin D, (14 nmol) was added to
the mcubation mixture before the addition of the enzymes After incubation at 37°C for 0 (C) and 60
min (D), the reactions were termmnated and extracted as described The extracted products were resus-
pended 1n Tns-HCl buffer (pH 7 5, 50 mM) and a 5 ul ahquot of each suspension, equivalent to 20 ng of
prostaglandin Dj, and were tested for themwr brological activity on the inhibition of ADP-induced platelet
aggregation as compared to authentic prostaglandin D; and prostaglandin F3, standards [5] PGFj,,
prostaglandin ¥4, PGE;, prostaglandin E;, PGD5, prostaglandin D,

[20] have demonstrated that, in the rat brain and spleen, prostaglandin D, 1s
enzymically transformed from prostaglandin H, by the enzyme prostaglandin
D, synthetase Although the physiological role of prostaglandin D, has begun
to unfold, very httle 1s known about the enzyme system( s) whach 1s responsible
for the metabolism of this prostaglandin.

In the present studies we have purified the enzyme, prostaglandin D, 11-keto
reductase, from rabbit liver as indicated by a single band on gel electrophoresis
and 1soelectric focusing Hensby [17] first reported the conversion of prosta-
glandin D, to prostaglandin F,, 1n sheep blood 1n witro. Ellis et al. [7] reported
that the conversion of prostaglandin D, to prostaglandin F,, metabolites
strongly suggested the presence of a unique enzymic system 1n the metabolism
of prostaglandin D, mn vivo. The purified prostaglandin D, 11-keto reductase
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from rabbit liver was able to convert prostaglandin D, to the corresponding
prostaglandin F,,, but not F,; (unpublished data), suggesting that the reduc-
tion of prostaglandin D, to prostaglandin F,,, catalyzed by 11-keto reductase,
was stereospecific.

The apparent action of 11-keto reductase 1n the metabolism of prostaglandin
D, 1s analogous to the demonstrated role of a 9-keto reductase in the metabo-
lism of prostaglandin E, [18]. Since prostaglandin D, 1s a poor substrate for
15-hydroxyprostaglandin dehydrogenase [19], prostaglandin D, may be con-
verted to prostaglandin F,, before 1t 1s able to be metabolized by the 15-hy-
droxyprostaglandin dehydrogenase (Fig. 5)

In their study on the distribution of 11-keto reductase 1n various tissues of the
rabbit, Reingold et al [8] found this enzyme to be present in highest concen-
tration in the liver This fact, together with our results regarding prostaglandin
D, 11-keto reductase, suggests the rapid interconversion of prostaglandin D, to
prostaglandin F,, mn the liver The loss of biological activity of prostaglandin
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liver PG, prostaglandin
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D, mn passage through the rabbit liver may result from 1ts conversion to prosta-
glandin F,, by the enzyme 11-keto reductase Studies on mcubation of prosta-
glandin D, with the purified enzyme resulted mn the loss of 1ts anti-platelet
aggregatory activity. This finding 1s consistent with the conversion of [*H]pros-
taglandin D, to [*H]prostaglandin F,,, and suggests that 11-keto reductase may
be an important metabolic pathway for the metabolism of prostaglandin D, n
situ Thus, reports on the estimation of prostaglandin F,, generation by tissues,
as measured by 1ts metabolites, must be re-examined to account for the possi-
ble contribution by the conversion of prostaglandin D, to prostaglandin F,,
Furthermore, measurements of the biological effect of prostaglandin D; mn
vivo will depend upon whether prostaglandin F,, has a similar or opposite bio-
logical effect to that of prostaglandin D,. Since prostaglandin F,, 1s a potent
vasoconstrictor [8,16] and has no effect on platelet aggregation [13], the
conversion of prostaglandin D, to prostaglandin F,,, catalyzed by the enzyme
prostaglandin D, 11-keto reductase, may result in the potentiation of the mus-
culotropic actwvity and elimination of the anti-aggregatory activnity of prosta-
glandmn D,
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