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SUMMARY 

Methodology for measurement and characterization o1" prostaglandin binding 
1o membranes has been developed. Tile binding ,:.tss~.ty wits used to study tile presence 
of  prostaglandin receptors in highly purified cell fractions derived from rat liver. 
High affinity binding receptors which have a saturation value of  1.0 pmole 'mg 
protein and a dissociation constant o1" 1.2 nM were found exchisively in tile plasma 
inembrane. High all]nily receptors were not lound in cell fractions containing nuclei, 
rough inicrosomes, Golgi complex or mitochondria.  Tile binding by other prostaglan- 
dins wits compel i t i \e  with proslaglandin E,. Competit ive binding studies were used 
to obtain dissociation cons |anls  ['or prostaglandins F~.,, F,<, [:l~, B 2, A~, A, ,  and 
15-keto prostaglandin E, which were II00, 100, 300, 180, 16. 16 and 700 nM, res- 
pectively. Eicosa-5,8.11,19-tetraynoic acid, an inhibitor of  prostaglandin synlhesi> 
did not bind appreciably t o  the prostaglandin E receptor, whereas t~vo prostag- 
landin analogues which have high physiological aclivily compete el'l'ectivelx with 
prostaglandin E I for the i'eceplor. Thus, lhe biqding receptor for tile E-lype prostngl- 
andins is highly specific both with respect to cell localization as \~ell as tile lype of 
subslralc. Numerical routines for lhe liltJl~,g of  the data and i~ procedure for lhe 
determinalion of  tile speciiTc activil_~ of the labelled prostaglandin are provided. 

INTRODUCTION 

Prostaglandins have been implicated in tile reguhttion of  a wide variety of 
physiologically important  activities including tile tone of" blood vessels [1,2], lipolysis 
[3]. tile secretion of  gastric acid [4] and reproduction [5]. In animals and man tile 
breakdown of  prostaglandins is extremely rapid [6] and the basitl levels found in 
tissues are often less than I /,g,lg [7]. When 3H-labelled prostaglandin E I is injected 
into a mouse, it is rapidly removed Dora circulation and the label is primarily found 
in liver, kidney and uterus [8,9]. Tile accumulation of  prostaglandin E 1 in these or- 
gans suggests that they possess high aftinity binding sites to sequester tile prostaglandin 
from the very low concentrat ions in tile serum. 

Prostaglandins are known to raise the level of  cyclic A M P  in many cells and 
tissues including platelels [10], ov:,uy [11 ], lung [12] :.uld spleen [12]. Prostaglandins 

Abbrevialions: HEPES, N-2-hydroxyethylpiperazine-N'-2-eihane-sulfonic acid: PIPES, 
piperaline-N-N'-bisi 2-cihanc-sulphonic acid}. 



359 

are also known to antagonize the epinephrine stimulated elevation of cyclic AMP 
levels in adipocytes [12, 13 ]. Stimulation of adenyl cyclase activity by prostaglandins 
has been reported in membranes isolated from diverse sources including platelets [14], 
thyroid [15], ovary [16] and heart [17]. 

Possible sites of action of prostaglandins are on the cell's internal and plasma 
membranes. Plasma membrane sites might be expected to mediate the uptake of 
prostaglandins from the blood and to be involved with prostaglandin stimulation of 
adenyl cyclase, an enzyme which is thought to be associated with the plasma mem- 
brane [18]. Although binding of vltrious prostaglandins to membrane preparations 
from rat epididymal fat pads [19] and from rat t\~restomach [20] have been reported, 
no systematic study on the binding characteristics of subcellular membranous organ- 
elles has been reported. We investigated the binding of 3H-labelled prostaglandin E l 
to plasma membranes, rough and smooth endoplasmic reticulum, Golgi apparatus, 
mitochondria and nuclei derived from rat liver. High affinity binding sites were fl)und 
only in the plasma membrane fraction. The binding sites were shown to have high 
specilicity |\~r E type prostaglandins. A preliminary report has been presented [21 ]. 

MATERIALS AND METHODS 

PIPES (Piperazine-N-N'-bis [2-et hane-sulfonic acid]) and HEPES (N-2-hydroxy- 
ethylpiperazine-N'-2-ethane-sulfonic acid) were obtained from Sigma Chemical Co. 
(St. Louis, Mo.) and Calbiochem. (San Diego, Calif.), respectively. Non-radioactive 
prostaglandins were generously donated by the Upjohn Co. (Kalamazoo, Mich.). 
3H-Labelled prostaglandin E~, (50 Ci /mmole)was supplied by New Enghmd Nuclear 
(Boston, Mass.). The methyl esters of prostaglandin E~ and 3 H-labelled prostaglandin 
El were prepared by addition of excess diazomethane to rnethanolic solutions of the 
respective acids [22]. The reaction was carried out at room temperature for 10 min 
and was followed by evaporation of volatile components under a stream of nitrogen. 
Stock solutions of all prostaglandins were stored at 0 C in ethanolic solulions. 
Crystalline bovine serum albumin was obtained from Armour Pharmaceutical Co. 
(Chicago, Ill.) and sucrose, special enzyme grade was frorn Schwartz Mann. All 
other reagents were reagent grade. 

Protein was estimated by the method of Lowry et al. [23] using bovine serum 
albumin as a standard. Phosphorus was determined by a modification of the method 
of Chen ct al. [24,25]. Scintillation counting was pert\~rmed in 4.5 ml of a cocktail 
consisting of 1 t to luene+5 g PPO+0.5  g POPOP+333 ml Triton X-[00. Counting 
efficiency 1"o1" SH was 38 40%. 

Rotenone insensitive NADH cytochrome c reductase, succinate cytochrome c 
reductase and Mge+-stimulated ATPase were perlbrlncd as previously described [26]. 

Large xcale i~reparatiolz of  rat liter plasn~a i~wmbralte 
Tile livers from 50 decapitated rats (Holtzman strain, Sprague Dawley, approx. 

250 g males, fed ad libitum) werc collected in ice-cold 0.25 M sucrose. They were 
blotted dry, weighed (approx. 500 g) and 4 vol. of 0.25 M sucrose l0 mM HEPES 
buffer (pH 7.5) was added. A homogenate wits prepared using a 50 ml Potter Elvehjem 
type homogenizer with the pestle rotating at 1200 rev./min. Two i o  three up down 
strokes were made first using a Teflon pestle of 0.974 inch diameter and then a pestle 
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of  0.988 inch d iamete r  in a glass honlogenizer  of  1.000 inch inner diameter .  The 
homogenate  wits filtered through l l0-mesh Nitex bol t ing cloth, di luted to a total 
volume of  2500 ml with sucrose HEPES buffer and centrifuged at 4000 re~./min for 
15 rain in two JA-14 rotors  in Beckman .l-21 centrifuges cooled to 2 C. The super- 
mttants were decanted and the pellets were combined and resuspended with 62.5", 
sucrose 1 0 m M  HEPES I mM MgCle pH 7.5 u s i n g a  Dounce homogenizer  ~ i lh  a 
loose pestle (Type A). The sucrose concent ra t ion  was adjusted,  using a Bausch and 
Lomb ref lac tometer ,  to 47 +0.1~(, sucrose by addi t ion  of  sucrose HEPES MgCle 
buffer. The final volume was approx.  900 ml. Two Spinco Ti 15 zonal rotors  \~cre 
each loaded at 4000 rev. /min with 50 m] of  0.25 M sucrose 10 mM HEPES I mM 
EDTA followed by a l inear gradient  l 'ormed ~ i th  450 ml each of  34t~'o sucrose 10 mM 
HEPES 1 mM EDTA (pH 7.5) and 43.4'I,  sucrose 10 mM HEPES 1 mM EDTA 
(pH 7.5). The gradient  was followed by 250 ml of  43.4<'i, sucrose 10raM HEPES 
1 mM EDTA pH 7.5. One -ha l fo l ' t he  rcsuspended pellet  in 450 ml of  47"(, sucrose was 
then added  to each rotor  t\)llowed by' a 50",, sucrose cushion as necessary to lill the 
rotor.  The rotors  were brought  to 32000 re\ .  rain and centr ifuged I\~r 60 rain. The 
speed was then reduced to 4000 rev./min and 30-ml fract ions were collected from the 
inner core by pumping  55~I,, sucrose in l'rom the outer  edge. The p lasma  membrane  
enriched fraction,  which banded broadly  in the gradient  between 38"0 and 4()",, ,,u- 
crose, was diluted with 2 vol. of  cold deionized water  ;_tnd was centr ifuged at 7000 
rev./min tk)r 10 rain in a .IA-14 rotor .  The upper  white layers of  the pellets \~ere 
collected with the aid o[" a fine st i rr ing rod and gentle s\~.irling and resuspended in 
sucrose HEPES EDTA buffer with hand homogenizat ion  using a Pot ter  Elveh:iem 
homogenizer  with a 0.988 inch pestle. The lower brown pellet which remained packed 
wits discarded.  The resuspended material  was centrifuged 7000 rev.. rain for 10 rain in 
a J-14 rotor  and the upper  white htyers resuspended in sucrose H EPES E DTA buffer. 
This 7000 rev./min was]l was repeated a total  of 6 times. The combined  upper  ~h i te  
layers were resuspendcd in a final volume of  approx.  30 ml of  0.25 M sucrose, frozen 
and stored in liquid ni trogen.  The yield of  the p lasma nlelnbr;tnc fraction was 
300 500 mgpro te in .  All opera t ions  were carried out at 0 4 ( .  

Early p repara t ions  ~ere  made with minor  var ia t ions ill the procedure  using 
100-g batches of  l ixer and gradient  centr i fugat ion in a Spinco Ti t4 zonal rotor.  

Other  subcellular  l'r:.tcliolls derived from rat liveF including Golgi  complex.  
mi tochondr ia ,  nuclei, rough and smooth  microsomes  ~ere  isolated as described 
previously [27]. 

Pro.~luglandin l~imh)ig u,vsa v 
To each 2-ml cellulose ni t rate  centrifuge tube (5,,'16 I - I  5/16 inches, Beckman 

303369) was added 25 #1 ot"0.3 M NaCI 20 mM PIPES buffer, pH 6.25, 15 NI water,  
I /tl SH-label led pros taghmdin  E~ (approx.  50 Ci /mmole)  in e thanol  conta in ing  t¥om 
0 100 pg nonradioac t ive  pros tag landin  E~ and l inally 15 #1 of  a membrane  suspension 
of  about  10 mg prote in /ml ,  in the isotope di lut ion assay, it is vital that  the membrane  
suspension be added last in any measurement  involving compe t i t ion  of  two substances 
for the binding site since bound  pros tag landin  does not rapidly equi l ibra te  off the 
membrane .  Binding assays were rout inely  carr ied out with 6 levels of  pros taglandin  
E~ and in duplicate.  The contents  of  the tubes were mixed by vortexing for 5 s and 
incubated "1,l 37 C for 60 rain. They were then chilled on ice, and centr ifuged 10000 
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rev./min for 5 min in a Spinco 50 Ti rotor using plastic adapters. 40ffl of supernatant 
fluid was sampled for  scintillation counting. Total radioactivity was determined using 
control tubes to which 15 #1 water was substituted for the membrane suspension and 
incubation, centrifugation and sampling were carried out as before. 

To determine the dissociation constant. K~, and the binding capacity, Er, the 
binding data is plotted by the method of Scatchard. The bound/free ratio is a directly 
measured quantity while the level of bound prostaglandin is obtained by multiplying 
the fraction of the radioactivity which is bound by the total amount of prostaglandin 
in the incubation mixture. The total amount of prostaglandin has an appreciable 
(approx. 10 pg) contribution from the 3H-labelled prostaglandin Et used. A successive 
approximation method for determining K,, E T and the specific activity is described 
below. 

Determ#tation o[ ,v~ec(fic activitj, 

In assay using a significant concentration of labelled isotope knowledge of the 
specilic activity of the isotope is necessary to obtain linear Scatchard iegressions at 
high ratios ot bound/free. We determine the specitic activity of each lot of 3H-labelled 
prostaglandin Et by measuring the changes in the bound/fl-ee ratio ~,s we increase 
thc total radioactivity in the assay medium. If S I is the amount of prostaglandin E 1 
in I /tl of a. solution of 3H-labelled prostaglandin E~, then it is easy to show that 
when ,uli ol the SH-labelled prostaglandin El solution is incubated with a constant 
amount of plasma membrane, characterized by a dissociation constant of K~ and 
a saturation binding capacity of E> the binding varies as: 

[( _ (r )  1 _ ST K ,  1 
I + + ET 1 + ltll (1) 

where S and E are the concentrations of unbound prostaglandin and receptor, 
respectively, and S/ES is the ratio of free/bound prostaglandin. Fig. 1 shows experi- 
mental data plotted according to this equation. The slope and intercept are equal to 
K~ ' Er and Sr/Er,  respectively. 
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big. 1. Determinat ion o f  specific activity o f  al l - label led prostaglandin E] by isotope di lut ion. 
Plasma membrane, 0.24 mg protein, was incubated in a final volume 68 /d containing 0.15 M 
NaCI ] 0 m M P I P E S p H 6 . 5 a n d e i t h e r l / f l : ~ H - l a b e l l e d p r o s t a g l a n d i n  E] in ethanol ! 2/~lethanol ,  
2 / d  :~H-labelled prostaglandin E] in ethanol f I /d ethanol or 3/~1 al l - label led prostaglandin E] in 
ethanol. Bound prostaglandin E]  was determined by sedimenting the membranes and counting 
an al iquot o f  the supernatant. 
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An iterative procedure carl be used to determine S~ in which one assumes a value 
f\)r the specilic activity of  the isotope and uses this vahie in determining E r and k .  
from a Scatchard plot of  a set o f  binding data. These numbers sire used to compule  5' i 
from Eqn 1 and this value is used to recompute the binding parameters. This procedure 
usually converges in 2 3 passes. It is our experience lhat this calibration of  the spccilic 
activity of  the highly radioactive commercial  3H-labelled prostaglandin E I is required 
for careful binding studies. 

R E S U L T S  

. )'~ The ph.tsnla nlembrane fraction produced b\' the zonal procedure is sit least St <, 
i-lure as]udged From the enzymic activities indicative of  mitochondrial and microsomal 
contaminat ion ( Table l ). 

TABLE 1 

C H A R A C T E R I Z A T I O N  OF PLASMA M E M B R A N E S  P R E P A R E D  BY L A R G E  S ( A I . E  
P R E P A R A T I O N  

The enzymic activities arc expressed as !;nloles/min per mg protein measured at 32 C.  N A I ) H  
(y toch ron l e  c rcduclase was assayed in the presence of  rotenone as an index of  contaminat ion by 
endoplasmic reliculum. The specific activity of ral liver snlooth microsomes is approx.  2.0 [27 ]. Tile 
ratio of the measured specific activity in the cell fraction divided by 2.0 nlulliplied by 100 will gh'e 
an estinlate of the percentage contaminat ion with snloolh microsonlcs. This \xill be a maxinlal 
vahlc, since miiochondrial conlanlination will also contribute in part 1o this activity. Purified nlito- 
chondria have a specific activity of approx.  0.14 (Fleischer, S. and Kervhla, M., unpublished) 
which is largely referable to activity localized in tile outer nlilochondrial menlbrane [28]. Milo- 
chondrial contaminat ion nlay be estinlated fronl tile succinate cytochromc c rcductase actixitl. 
Purified rat liver mitochondria have a rate of approxinlately 0.37. However, the electron micro- 
scopy o f  tile cell fraction reveals that tile mitochondrial  activity in the plasma membrane  fraction 
must be largely referable to vesicles rather than io intact mitochondria.  Only 35 ",i of tile protein of 
rat liver mitochondria is referable to sLibnailochondfial vesicles; the remainder is soluble upon 
disruption of the nlitochondria (Eleischer, S., unpublished). Therefore, 1.05 rather than 0.37 shouM 
be used as the specific activity of succinate cytocllrome c reductase Io estimate tile contaminathm 
Iw rat liver submilochondrial  vesicles. A~ and Er  refer Io tile dissociation constant and the SilltllLI- 
lion \a luc  for prostaglandin E~ high allinily receptors, respeclivcl>, as detcfnlined by Scatchard 
phlt analysis Icf. Fig, 4). 

[!xpl No. BOtllld Yie ld  Enzynlic acihit> A, / i  
I)I losphortl>, (n lg lg)  (pkJ)  (pn lo lcs  nlg 
(/;g P 'n lg  ,V IPasc  N / \ I ) H  St lcchla lc  ~i'olchl ) 
p ro te in !  c} Iochro i l lC c cy lochro l l lC  c 

Ied llCla,,e !'t.'d lie Ii l st_' 

1 O. 7~ 1.04 O. 2S3 0.04(, 1.2 
2 21.5 I.I I.OS 0.2r~l 0.065 2.2 
: 26.3 1.46 0.161 0.069 2.2 
4 0.59 0.75 0.223 0.072 1.0 

.0 

.2 
(I.7s 
0.7> 

The binding assay is nornlally carried out in 0.15 M NaCI buffered with 10 mM 
PIPES at pH 6.25 at 37 C .  Similar binding is also observed in phlsiological ~ah 
solu!ions while some decrease in binding is found in 025  M sucrose. 

The lime course ef  binding is shm~n in Fig. 2. Ai 70 rain after the addition c,l" 
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Fig. 2. Uptake and release kinetics of prostaglandin E~ binding. Plasnm membrane, 2.1 mg!mh 
was incubated with :~H-labelled prostaglandin El, 180 pg/ml in 0.15 M NaC1 10 mM PIPES pH 
6.5 at 37 C .  At the indicated times, 65-ffl samples were taken, centrifuged and the supernatants 
counted to determine fl'ee all-labelled prostaglandin E t as in Materials and Methods. After 70 rain 
nonradioactive prosiaglandin El (PGE~) was added to identical samples prepared as above and 
an equal volume of ethanol was added to the control tube. The final concentrations of nomadio- 
active prostaglandin E~ added were, from bottom curve to top, 0, 0.38 ng/ml, 1.17ng/ml and 
3.60 ng'ml. Aliquots, 65 pI, from each tube were taken after different time intervals, centrifuged 
and analyzed (cf. Materials and Methods). Control tubes, kept on ice, were used to determine the 
total radioactbity. The ratio SIS'r, is the fraction of the total prostaglandin which is free in solution. 

radioactive prostaglandin E~ to tile plasma membrane  suspension various amounts  
of nonradioact ive prostaglandin E I were added. By 5 11 after the addit ion of unlabelled 
prostaglandin E~ the binding of radioactive prostaglandin had re-equilibrated to final 
values which reflect the total amount  of prostaglandin E~ in tile incubat ion mixture. 
The small increase in free -~H-labelled prostaglandin E~ found alter several hours of 
incubation with no addition of unlabelled prostaglandin E~ may represent equilibra- 
tion of a small amoun t  of prostaglandin E~ which is on the membrane  as isolated with 
the added radioactivity. If the binding assay is carried out at 2 C ,  the reaction is quite 
slow with a halftime of about  72 h (data not shown). 

To gain a quanti tat ive unders tanding of prostaglandin E~ to rat liver plasma 
membranes,  binding studies were performed with varying levels of unlabelled prostag- 
landin E~ added to a constant  amoun t  of radioactive prostaglandin E~. Figs 3 and 4 
present this data plotted by the method of Scatchard. In Fig. 3 can be seen evidence 
indicating binding sites of high and medium affinity, while Fig. 4 shows evidence for 
medium and very low affinity binding sites, in  this experiment the high affinity site had 
a dissociation constant  of 1.04.10 ~ M and saturat ion value of 0.56 pmoles/mg 
protein while the medium affinity site had an apparent  dissociation constant  of 25.10 ~> 
M and a saturat ion value of 2.9 pmoles/mg. The variation in K~ and E~ values mea- 
sured on a number  of different plasma membrane  preparations is shown in Table I. 

It is estimated that the protein content  of liver is about  120 mg/g wet weight and 
that plasma membrane  accounts for about  2.5<?{i of the cellular protein [29 ]. Assuming 
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]ig. 3. High and mcdiLim aflinlit3 prostaglandin E~ binding sites, l~lasmtl membrane, 0.3 mg 
protein, was incubated For 90 rain at 37 °C with 75/d 0.15 M NaCI -10 mM PIPES (pH 6.5) con- 
taining 6 pg SH-labelled prostaglandin E~, and 0 2500 pg PGE~. Membranes \~eie sedimented, 
the SUl~ernatants sampled and radioactivity determined as described in Materials and Methods. 
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Fig. 4. Medium and low affinity prostaglandin El binding sites. Plasma menlbrane, 0.38 mg pro- 
teins, was incubated for 90nlinat 37 °C with 75 ff10.15 M NaCI 10raM PIPESpH 6.5 containing 
6 pg all-labelled prostaglandin Ez and 500 62500 pg PGE~. Membranes ,aere sedimented, the 
supernatants sampled and radioactivity determined as described in Materials and Methods. 

a value of 169. IW cells/g [30] implies that there are about  6000-12000 high a ~ n i t v  
prostaglandin E receptors per liver cell. Liver preparations of rough endoplasmic 
reticulum, smooth endoplasmic reticulum, Golgi apparatus,  mitochondria  and nuclei 
show no evidence of high affinity binding sites, although nonspecific binding is found 
m varying amounts  in the various preparations (see Fig. 5). The slight sloping towards 
the plasma membrane ' s  line seen in the Scatchard plot of the Golgi membrane  is 
consistent with the 100~; contaminat ion  of this fraction by plasma membrane.  

The binding of the methyl ester of prostaglandin E I was measured as for the 
free acid. Scatchard analysis of the bi nding of 3 H-labelled methylester of prostaglandin 
E~ in the presence of varying levels of the unlabelled methyl ester, shows a dissociation 
constant  of l.3"10 4 M and a saturat ion value of0.63 pmole/mg protein for the high 
affinity binding site in striking similarity to the binding data obtained with free acid. 

The pH dependence for the binding of prostaglandin E1 and the methyl ester 
of prostaglandin E~ to the plasma membranes  is shown in Fig. 7. The binding is pH 
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Fig. 5. Binding of prostaglandin E1 to rat liver cell fractions. Each  cell fract ion,  0.15 rng protein, 
was added to a total vo lume of 55.8/d  of  0.15 M N a C I - 1 0  m M  PIPES p H  6.5 con ta in ing  1 2 0 0 c p m  
(15 pg) :~H-labelled pros tag land in  Et and assayed for prostaglandin Ez binding as described in 
Materials and Methods.  

dependent and decreases monotonically from pH 6.0 to 8.5; the figure shows the 
binding only to 7.5. The binding of prostaglandin E 1 and its methyl ester without 
added carrier (upper two curves) and in the presence of added carrier (lower two 
curves) is referable mainly 1o high and medium affinity binding, respectively. The 
binding of the methyl ester of prostaglandin El to the membrane is similar to that of 
the prostaglandin E~ for both the high and medium affinity binding. Since the methyl 
ester is devoid of an ionizable group it would appear that the effect of pH on the 
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Fig. 6. Compet i t ive  b inding of  p ros tag landin  E i ( PGE~ ) and pros tag landin  B i ( PG B~) to rat liver 
p lasma m e m b r a n e .  P lasma m e m b r a n e ,  0.15 mg protein,  was incubated with the combina t i ons  o f  
10, 20, 40, 60 pg PGE~ and 0, 2, 4, 6 ng PGB~ in a xo lume of  55.2 ,4. Binding was measured  as 
described in Mater ia ls  and  Methods .  A. L ine~cave r  Burke plot. A dissociat ion cons tan t  l\~r pi-osta- 
glandin B1 of  3 0 5 . 1 0 - "  M was obta ined.  B. D i xonp l o t .  A d i s s o c i a t i o n c o n s l a n t  for pros tag landin  
B i of  665'  10 -~ was obta ined.  C. Least  squares  fit of  compet i t ion  data  to Eqn t of  Appendix .  A dis- 
sociat ion cons tan t  for p ros tag land in  B~ of 280.10 " M was obta ined .  The  dissociat ion cons tan t  
for p ros t ag land in  E~ binding to p lasma m e m b r a n e  was found  to be 1.3"10 " M. The n u m b e r  of  
high affinity b ind ing  sites was found  to be 0.92 pmolcs /mg  protein of  p lasnm m e m b r a n e .  

b i n d i n g  o f  p r o s t a g l a n d i n  E 1 to  t h e  m e m b r a n e  is r e f e r a b l e  to  l h e  e f fec t  o f  p H  o n  t h e  

m e m b r a n e .  

A d d i t i o n  o f  s e v e r a l  d i f f e r e n l  u n l a b e l l e d  p r o s t a g l a n d i n s  d e c r e a s e s  t h e  b i n d i n g  

o f  3 H - l a b e l l e d  p r o s t a g l a n d i n s  E l to  d i f f e r i n g  d e g r e e s .  A n a l y s i s  o f  t h e  i n h i b i t i o n  
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shows that it is of a simple competitive nature (Fig. 6A) and dissociation constants for 
various prostaghmdins were obtained from leasl square fits of the competitive binding 
equation (Eqn 1 of Appendix) to data obtained at four substrate levels and at least 
three inhibitor levels, cf. Appendix. A representative plot of the converged least 
squares fit is shown in Fig. 6C. Results are summarized in Table II. A major metabolite 
of prostaghmdin E> 15-keto prostaghmdin E2 binds about 800 times more weakly 
than E-type proslaglandin. 

T A B L E  1l 

P R O S T A G L A N D I N  B I N D I N G  BY R A T  L IVE R  P L A S M A  M E M B R A N E  

Pros tag landin  Dissociat ion cons t an t  
(Type)  (n M ) 

Et 1.2 + 0.2* 
Methyl  ester o f  p ros tag land in  E r 1.3 
E'_, 1.5 
F I 1250 1000 
F% 96 
Bt 342 279 
B~ 200 137 
AI 16 
A._, 16 
15-Keto E2 840 554 

* The  value for p ros tag land in  E] is the mean  of  5 de t e rmina t ions  pe r fo rmed  on each of  2 
p lasma m e m b r a n e  p repara t ions  and  is + I s t anda rd  deviat ion.  

8 0 -  

7 0 -  

6 0 -  

5O g 
8 

40  

2o 

174pg PGEI/ml 

174pg MePGEll ml 

o 

~ 1740pg Me PGE~/ml 

10 

5.5 6'. 0 6'5 7'0 7.'5 
pH 

Fig. 7. Variat ion of  the binding of  p ros tag landin  E1 ( P G E t )  and  the methyl  ester of  p ros tag landin  
E i ( M e P G E ~ ) w i t h  pH.  Plasma m e m b r a n e ,  0.3 rag, was incubated  in 60/t l  of  an aqueous  solut ion 
which c o n t a i n e d 0 . 1 5  M NaCI 1 0 r a m  PIPES at the indicated pH values a n d 2 F l e t h a n o l c o n t a i -  
ning 1600 cpm of  ei ther;  (I)  10.4 pg of  :~H-labelled pros tag landin  El ;  (2) 110.4 pg o f  al l - label led 
pros tag land in  E l ;  (3) 10.4 pg of  the methyl  ester of  :SH-labelled pros tag landin  E~; or  (4) 110.4 pg 
of  the methyl  ester of  p ros tag land in  E~. Samples  were incubated  at 37 :;C for 90 rain and  then 
centr i fuged and  sampled  for scinti l lation cot lnt ing as described in Materials  and  Methods .  
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Various prostaglandin derivatives are known to possess high physiological 
activity [31,32]. In binding assays carried out at 250 pg/'nll -~H-labelled prostaglandin 
E i ~ 1.7 ng/nll of  t 6,16-dimethyl prostaghmdin E 2. or 15-S, 15-nlel hyl prostaglandin E e 
competed its well as 1.7 ng:'nll of  prost~tglandin E~ for the binding sites. That is to say. 
these analogues bind approximatel3 as eFl'ectixeiy as the natural prostaglandin IL 
Under similar conditions I !~g,,'nH of  arachidonic acid, a precursor ~t" prostaglandin f :, 
did not detectably inhibit binding. One oFtlle 7-oxaprostaglandins, prostaghmdill E ( -  
1-148 is known to antagonize prostaglandin stimul~tion of  smooth muscle [33]. It did 
not influence tile binding of  250 pg,'ml prostaglandin E 1 at levels tip to 17 Hg,'ml of 
tile antagonist.  Under s imihu conditions neither 2 !~g,'ml ofeicosa-5,8.11,10-tetra> noic 
acid, an inhibitor of  prostaglandin synthesis [34 ] nor 2/zg' 11 of  SC19220, an inhibitor 
o fp ros tag land in  induced smooth muscle contract ion [35] detectably inhibited tile 
binding of  tile radio-tctive PGE l to the plasma membrane 's  high aftinit,v binding sites. 

To check oil possible lnetabolic modification of  the added prostaglandin E~ 
:~H-labelled prostaglandin E 1 was bound to plasnla menlbranes for 90 rain as described 
in Materials and Methods. Tile nlembranes were sedimented. The pellets were ad,iusted 
to pH 3 with HCI and extracted 3 tinles v~itll 20 vol. of  chloroform. Tile chlorofornl 
extracts were combined,  evaporated to dryness, and tile extract was redissolvcd in 
ethyl acetate and spotted on a thin-htyer chronlatography plate. Development ~xith 
tile All system of Green ~,uld Samuelsson [36] showed onl} one i-adios, relive band 
which co-chromalographed with authenlic prostaglandin E~. This indicates thai the 
prostaglandhl,  even though bound to phtsma nlenlbrane, is not metabolized under 
the condit ions of  the assa>. 

DIS('USSION 

An isotope dilution procedure is described l 'or tile nleasurenlent of prosta- 
glandin binding receptors on plasma membranes. Tile number of  receptors as well as 
tile affinity of  binding (dissociation conslant)  can be obtained using Scatchard plot 
analysis. 

Tile Scatchard analysis assunles that tile nlcasurement is nlade at equilibrium. 
To test this assumption,  the lime course study in Fig. 2 was performed. The addition 
of  unlabelled prostaglandin E~ at 70 nlin caused displacement of  tile previously bound 
3H-labelled prostaglandin E I with apparent  re-equilibration by 6 h after tile "'chase", 
Quanti tat ive treatment of  the forward and reverse kinetics is hampered by tile presence 
of  both tile high and mediunl affinity sites. In this case, tile initial rates of  binding and 
release c;tnnot be simply related to the forward and reverse rate constants. Our data 
show no evidence of  an "'irreversible" binding of  the prostaglandin to the rcccptor, 
rather, al'ter tile addition of  unlabelled prostaglandin E I to tile menlbranes containing 
previously bound -~H-labeled prostaglandin E~, the radioaclive prostaglandin re- 
equilibrated to a level which wits deternlined by tile total prostaglandin E 1 concentra- 
tion in the incubation mixture and tile binding paralneters of tile membrane. The  
graded nature of  the equilibrium levels argues against release of  the bound prostaglan- 
din being caused by degradative metabolism of tile prostaglandin oil the binding site 
of  the membrane.  

In enzyme kinetic analysis, tile assumption is nlade that only an insignificanl 
fraction of  the substrate is bound to the enzyme so that tile amount  of  free substrate 
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plus tile amount of substrate converted to product is essentially equal to the amount 
of substrate added. In the binding assay the amount of substrate added is adjusted so 
that a significant portion is bound ; hence the level of free substrate does not equal the 
amount added. This leads to differences in the analysis of competitive inhibition of 
binding and competitive inhibition of enzymic rates. For instance, in enzyme kinetics 
one may analyze inhibition studies in two equivalent fashions, in one, the inverse of 
the rate is plotted against the inverse of the substrate concentration (Lineweaver- 
Burke plot) for several values of added inhibitor. Alternatively, one may plot the 
inverse of the rate against the inhibitor concentration (Dixon plot) for various, fixed 
levels of substrate. Since the concentration of free substrate does not depend on the 
addition of the inhibitor, the methods give equally good values for the substrate and 
inhibition constants. In competitive binding studies as increasing amounts of inhibitor 
are added, the concentration of free substrate changes appreciably (or else there is no 
measurement) so that Dixon plots cannot be validly drawn. In the case of a weakly 
bound inhibitor one may validly use a Lineweaver-Burke double reciprocal analysis 
since the inhibitor does not appreciably change concentration as the extent of sub- 
strate binding varies. However, in the case of a substrate and inhibitor of similarly 
high affinities as found with prostaglandin E1 versus prostaglandin E2, a less direct 
analysis must be used, see Appendix. Large errors in the determination of the inhibi- 
tion constants may be made if the analysis is not correctly pursued. As seen in Fig. 6, 
the Dixon plot overestimates the dissociation constant for prostaglandin B 2 by ap- 
proximately a factor of 2. 

Direct demonstration of E-type prostaglandin binding sites has been recently 
reported by Kuehl and Humes [19] in a membrane fraction from rat adipocytes. Rat 
liver plasma membrane shows about three times the binding affinity and about twice 
the total number of binding sites per mg protein. This similarity is notable in that the 
fat cell membranes were not purified plasma membranes and are derived from a 
different tissue. This is reminiscent of the similarity in insulin receptors found in liver 
and fat cell membranes as shown by Cuatrecasas [37]. While the fat cell preparation 
showed about equal affinities for prostaglandin F~, and prostaglandin F2~ the liver 
niembrane preparation binds prostaglandin F2~ about 10 times better than it binds 
prostaglandin Fir. 

The excellent binding of the methyl ester of prostaglandin E I demonstrates that 
the ionization of the prostaglandin's carboxyl group is not needed for the binding to 
the membrane site. The possibility that the prostaglandin's pK is shifted to higher pH 
by the negative surface change given to the plasma membrane by its sialic acid residues 
was raised by the reduction of binding seen with increasing pH. To test this possibility 
a comparison of the pH dependence ofprostaglandin E~ binding and that of its methyl 
ester was performed. As can be seen in Fig. 7, both the binding ofprostaglandin E~ and 
its methyl ester show a similar decrease with increasing pH. This implies that the pH 
dependence observed must reflect changes in the affinity of the binding site rather than 
changes in the charge of the subslrate. 

The isotope dilution procedure for measuring prostaglandin receptors can also 
be exploited as a sensitive, specific assay for E-type prostaglandins. The procedure 
consists of preparing a lipid extract containing prostaglandin which can, if necessary, 
be purified by LH-20 chromatography (Frolich, J., personal communication). Aliquots 
of lhe unknown sample are incubated with 3H-labelled prostaglandin E l and rat liver 
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plasma membranes of known binding characteristics. The ratio of bound to free 
radioactivity found in the unknown samples then allows computation of the amount 
of  prostaglandin E in the unknown. The ease of separation of bound and free by 
centrifugation and the high specificity of the membrane binding site are considerable 
advantages to existing antibody assays for E-type prosiaglandins [38]. In 
collaboration with J. C. Frolich, the membrane binding assay 17~r prostaglandin E I 
has already been applied to the nleasurement of levels or" urinary prostaglandins [3 t) ]. 

This procedure for assaying prostagla, ndin requires the availability of plasma 
membranes as a reagent. The ku'ge scale procedure described here allows the prepara- 
tion of approx. 400 mg quantities of plasma membrane which is enough membrane 
for 1000 binding determinations. The procedure is designed to prepare large quantities 
of plasma menlbrane for routine laboratory a, ss;.ty rather than plasnla membrane o1" 
highest purity. 

The use of the isotope dilution procedure and competition analysis for charac- 
terizing prostaglandin E binding to membrane receptors and the availabilit? of 
plasma membranes as a source of prostaglandin receptors offers a simple and rapid 
m vitro assay to screen for drugs with potential prostaglandin hormonal influence. 
We find 16,16-dimethyl prostaglandin E 2 and 15-S,I 5-methyl prostaglandin E2, two 
drugs with potent prostaglandin hormonal activity, bind very strongly to the prosta- 
glandin receptors. Their mode of action would thus appear to be directly on the 
prostaglandin receptor. 

The binding parameters measured on over twenty different rat liver plasma 
membrane preparations varied between 1.0 2.2 nM/mg protein lk)r K~ and 0.50 1.2 
pmoles/mg protein for ET, respectively. This variation seems to be due to differences 
in the plasma membranes prepared at different times. It may well be that such differ- 
ences may be referable to the pl3ysiological state of the animal since repeat analyses 
on a single preparation give superior reproducibility. We find that repeated freezing 
in liquid nitrogen and thawing at 37 C of the plasma membranes does not restilt in 
measurable changes in the binding parameters. 

The method described in this study to ana, lyze competitive binding data is a 
simple, general approach liar the characterization of receptors. It is l\)l" this reason 
that we have discussed it in greater detail in the Appendix. We ]lave already included 
a procedure ti)r the determinalion of the specific radioactivity of the tracer ligand 
(Fig. 1). We feel that these procedures will be useful in a variety of applications such 
as radioimmunoassav and other specific protein binding assays. 

APPENDIX 

Although the treatment of competitive binding is fornlally identical to that of 
Michaelis Menten kinetics, some care must be taken due to the non-negligible 
amount of bound substrate and its variation in competitive binding studies. For ease 
of reference we will state some well-known results. Let the competitive binding be 
described bv two equilibria. 

[E] [S] E .S 
E + S ~ E S ;  K ~ -  

[ES] LS 

[E][J] t : . /  
E + I  :~EI ;  K ~ -  [EIJ - E l  
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and three conservation equations 

ET = E + ES + EI 

S T = S + E S  

I r = l + E l  

where L'~. ST, and IT represent the total concentration of binding site, substrate and 
inhibitor respectively and E, S, I represent the free binding site, substrate and inhibitor 
concentrations. This leads to tile following equation of competitive binding: 

ES 
E S = E r - K ~ ( I + I / K ~ )  S (1) 

rearranging: 

K~ + S - K~ K I 

Now although 1 is not a measured quantity it can be computed from the measured 
quantities ES and ES/S  and binding parameters E T and K~. 

Our procedure in tlle case of tight binding of both substrate and inhibitor is to compute 
the values of I for various combinations of ST and IT and to plot E S / K , + E S / S  versus 
I (ES/S) .  This gives a straight line with s l o p e -  I/K~ and intercept ET/K ~ which provides 
a check oll the procedure. This method was used to determine the competition between 
prostaglandin E~ and prostaglandin E2. 

In the case of competitive binding with a weakly bound inhibitor we assume 
that 1=11 and then determine the coefficients in Eqn 1 which minimize the least square 
error of tile plot of KS versus ES/S.  Assume that the binding study was done with n 
levels of substrate and m levels of inhibitor. Let the concentration of bound substrate 
found with the ith substrate and./th inhibitor level be defined as 

Y~i = (ES)u 

while the ratio of bound to free substrate under these conditions is defined to be 

For given values ofEw, K~ and K~ the squared error of the fit,.12, is given by 

Z~ 2 = i = ' =1"~ " Yi.i - E T  -]- K s  I q- g l } i j ~ 

Minimizing their error with respect to K~, ET and Ks implies that the least square error 
estimates for these parameters are 

C~ m Xij2Kslj2)/(~ . m ) < K~> = Z ,Y, X u l j ( E  s -  Y ~ j - X u K , )  (2) 
\ i = . i  j =  t - :  j = l  
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l n m 

< E - r >  = Z" ~' (Yu+XijK~(1 +li /K O) 
n in ,  i = 1 j = i 

t3) 

< K ~ >  = Z XI j ( I+I j /KlJ(ET-Yi i )J /L  Z X Xi.iz(I-FIj/'KI) 2 
L i = I  j = l  . i=1 

(4) 

Since we saw no easy solution to these non-l inear coupled equat ions  and since 

we had good est imates of  K~ and ET from previous binding assays, we choose to do an 
iterative procedure.  We assumed values of  K~ and ET and computed  the least square 

error  est imate tk~r < K t > .  We then used this value for K~ and our previous est imate of  

Ks and computed  < E~ > .  We then used this value of  Er  and our derived value ot" 

< K~> and computed  < K~>. We then i~erated the procedure to self-consistency in 

about  50 cycles. 
Typical experimental  data are shown in Figs 6A, B, C. The compet i t ive  data 

are plotted according to Lineweaver-Burke ,  Dixon and Eqn 1. The Dixon plot gives 

K l 665. l0 '~ M. The Lineweaver Burke plots give an average wflue of  305.10 '~ M 

while Eqn 1 gives 280" 10 - "  M. The value derived from the Dixon plot is in consider- 

able error  due to changes in the free substrate concentrat ion as the inhibitor  binds, as 

mentioned in Discussion. 
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