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Fig. 6. Phosphorylation of uridine with a
mixture of inorganic phosphate, ammo-
nium chloride, ammonium bicarbonate,
and urea at 100°C., U, ———; Upl,

———— PU, —_——— UP; e e
pUp!, —-—; pUp -==-=~-- ; total incorpo-
ration of inorganic phosphate, —————,

ammonium chloride limits the extent
of carbamylation.

It is doubtful that temperatures as
high as 100°C occurred at many points
on the primitive earth. We therefore
carried out a few experiments at lower
temperatures. The rate of reaction was
then much decreased but still quite sig-
nificant. For example, after 4 days at
66°C we were able to detect 9.6 per-
cent combined uridine phosphates and
4 percent Up! from the ammonium
chloride-urea mixture. Surface tem-
peratures above 70°C are quite realistic
since they are reached today in many
desert areas and also in loose-packed
beach sand.

Finally, we carried out experiments
in which phosphate is present as hy-
droxylapatite, since this is the form of
phosphate found most often in nature.
After 24 hours at 100°C 16 percent
combined uridine phosphates and 4
percent Up! were obtained (Table 3).

The rates of solid-state reactions are
extremely sensitive to the physical state
of the reactants. Hence the quantitative
details described here are probably not
important. Reactions on inert materials
with larger surface areas would prob-
ably be more efficient. Reactions on the
surface of a glass tube are slower but
go to completion after a few hourly
cycles of moistening and reheating to
100°C. The incomplete conversion of
guanosine to phosphates may well be
due to its low solubility. The main
point we wish to make is that high
yields can certainly be obtained under
mild conditions.

We have preliminary evidence that
condensed inorganic phosphates are
formed in good yield from inorganic
phosphate, ammonium chloride, and
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Fig. 7. Phosphorylation of thymidine with
a mixture of inorganic phosphate, ammo-
nium chloride, ammonium bicarbonate,
and urea at 100°C. T, ——; pT,
—--—; Tp, ————; pTp ------ ;
total incorporation of inorganic phos-
phate, ————,

urea under the reaction conditions that
we employed. However, we have no
evidence that condensed inorganic phos-
phates play any part in the reaction.
Organic phosphates such as carbamyl
phosphate or phosphoramidates may
be the true active intermediates.

We believe that the reactions de-
scribed here constitute a completely
plausible model of prebiotic phosphory-
lation. They proceed at temperatures of
100°C in a few hours or 66°C in a few
days. Yields of a few tens of percent
can be obtained from an equimolar
mixture of soluble phosphate and a
nucleoside. Hydroxylapatite can be sub-
stituted for sodium phosphate with
only a moderate (fivefold) decrease in
yield. The synthesis we describe could
easily have occurred either on beach
sand or in desert areas where tempera-
tures in excess of 70°C are encoun-
tered.

The synthesis of urea under pre-
biotic conditions has been reported
many times (/4). Irradiation of ammo-
nium cyanide solutions gives yields of

up to 30 percent (/5). Thus the re-
quirement for urea is no obstacle to this
proposed prebiotic reaction sequence.
R. LOoHRMANN
L. E. OrGEL
Salk Institute for Biological Studies,
San Diego, California 92112
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Radioimmunoassay for Prostaglandins

Abstract. Antibodies to prostaglandin were obtained by immunization of
rabbits with PGA,, PGA,, and PGE, protein conjugates of prostaglandins. The
antibodies demonstrated specificity toward both the cyclopentane ring and. the
aliphatic side chains. With the use of these antibodies a highly sensitive radio-
immunoassay capable of measuring less than picomolar amounts of PGA,;, PGA,,

and PGE, has been developed.

The prostaglandins are 20-carbon
aliphatic carboxylic acids with a cyclo-
pentane ring; their molecular weights
range from 332 to 356. They are widely
distributed in biological systems, and

physiologic studies have indicated di-
verse effects on smooth muscle tone
(1), blood pressure (2), lipolysis (3),
platelet aggregation (4), and central
nervous system function (5)—which
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may be mediated through the adenyl
cyclase system (3). Confirmation of
the importance of these fatty acids has
been hampered by a lack of a suitable
method for their measurement. Bio-
assays (6) have been employed to de-
termine nanogram concentrations of
prostaglandins, but these depend on
physiologic responses rather than on

measuring the compounds directly. The

chemical methods available are useful
in the microgram range (7). We now
describe the production of antibodies
to prostaglandins and the development
of a radioimmunoassay capable of mea-
suring low picogram amounts of major
prostaglandin classes.

The antibodies described were in-
duced by immunization of rabbits with
prostaglandin-protein conjugates. Four
milligrams of prostaglandin (PG) A,
A,, or E; (8) dissolved in 4.0 ml of
10 percent ethanol-0.02 percent aque-
ous sodium carbonate were reacted with
8 mg of human serum albumin in the
presence of 4 mg of 1-ethyl-3-(3-di-
ethylaminopropy!) carbodiimide hydro-
chloride at pH 5.5 (9). The reaction
was carried out for 24 hours at 20°C
and then the product was exhaustively
dialyzed against a buffer of 0.15M
NaCl and 0.01M phosphate, pH 7.45
(PBS). Conjugation of prostaglandin
to the protein carriers was confirmed
by observing an increase with time in
absorption at 278 nm at alkaline pH
(7), as compared with control protein
solutions. From the known molar ex-
tinction coefficient (E,, = 27,200) (7)
the degrees of substitution of PGE,,
PGA, and PGA, were estimated as
3.3, 2.7, and 1.5 moles of prostaglandin
per mole of protein (/0), respectively.
PGE, was also conjugated to keyhole
limpet hemocyanin (KLH) at 10°C
with the use of ethyl chloroformate
(11). After 2 mg of PGE; was mixed
for 15 minutes with equimolar quan-
tities (with respect to PGE) of ethyl
chloroformate and triethylamine (0.9
and 0.6 pl, respectively) in 30 pl of di-
oxane, 5.5 mg of KLH was added in
0.45 ml of 0.1N NaHCO,, and the re-
action mixture was stirred for 1 hour
more before dialysis with PBS.

Dialyzed conjugates were emulsified
with equal volumes of complete
Freund’s adjuvant (/2). At the initial
immunization, rabbits received 1 mg of
immunogen subcutaneously (0.25 mg
per foot pad). At intervals of 2 to 4
months animals were given booster in-
jections of 50 to 150 pg in complete
adjuvant. Ten days after the booster
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Table 1. Globulin fractions of the antiserums
listed in the left hand column were incu-
bated with [*H]PGE, (6000 count/min) (I4).
The prostaglandins listed were added in 50-
ng amounts to evaluate comparative inhibi-
tion of the binding of tritiated label.

PGA) PGE;
WW
H H H
PGE,
W

Inhibition of bound [*H]PGE, in

Antiserum the presence of 50 ng of
to
PGA, PGE, PGE,
PGA-HSA 54 35 20
PGA,-HSA 46 0 8
PGE,-KLH 42 40 32

injection, the animals were bled and
their serums were examined for the
presence of antibody activity to pro-
staglandins.

With this immunization scheme, all
of the rabbits produced antibody to
prostaglandins. Compared with normal
rabbit serum, globulin fractions (40 per-
cent ammonium sulfate fractionation
and diethylaminoethyl-cellulose chroma-
tography) (I3) from serums containing
early antibody bound up to 20 percent
of a [BH]PGE;, of relatively low specific
activity (/4). The addition of 20 to
20,000 ng of unlabeled PG significantly
inhibited the binding of label (see
below) in all cases. Specificity was di-
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Fig. 1. Antiserum to PGA; was incubated
with [PH]JPGE; (I5) in the absence and
presence of various concentrations of pro-
staglandins. Antibody-bound [PH]PGE, was
separated from unbound by ammonium
sulfate precipitation. Percentage inhibition
was calculated from the difference in bind-
ing in the presence and absence of in-
hibitor.

rected both against the cyclopentane
ring (Table 1) (which distinguishes
PGA, PGE, and PGF from one an-
other) and the side chains (as influ-
enced by the presence or absence of
double bonds at C 5-6, which dis-
tinguishes PGA, and PGE, from PGE,
and PGA,). In experiments with early
antiserums (Table 1) PGA;, PGE,, and
PGE, inhibited binding of [PH]PGE,
to different degrees, depending on the
immunogen. The homologous com-
pounds were the most effective inhib-
itors; the apparent inability of antibody
to PGE; to distinguish between PGA;
and PGE; may have been due to con-
version of protein bound PGE to PGA.
in vivo or in vitro.

Serums obtained 12 to 16 months
after the initiation of immunization
have considerably higher titers. With a
[*H]PGE,; of higher specific activity
(15) 50 pl of a 1:250 dilution of serum
binds 90 percent of the tritiated mark-
er; 50 ul of a 1:10,000 dilution of an
antiserum to PGA; binds 50 percent
of the label.

The better binding has resulted in the
development of a sensitive radioim-
munoassay system for prostaglandins.
In the current assay system antibody
(1 :5000 dilution of serum), normal
rabbit y-globulin (/6), unlabeled pro-
staglandin (0.05 to 333 pmole) and
high specific activity [PH]JPGE; are
incubated together in polypropylene
test tubes (final volume, 0.3 ml) at
4°C for 72 hours. Antibody-bound
[FH]PGE, is separated from unbound
label by ammonium sulfate precipita-
tion to a final concentration of 50 per-
cent of saturation. The washed precip-
itate is dissolved in Nuclear-Chicago
solubilizer (NCS) and counted in
toluene scintillation solution. The cur-
rent sensitivity of the immunoassay
system is less than 0.1 pmole (30 pg)
for PGA, and less than 0.15 pmole for
PGE,. Figure 1 illustrates a compar-
ative inhibition study with an antiserum
specific for PGA;. In the absence of
inhibitor, 40 percent of the tritiated
label was specifically bound by anti-
body. Inhibition was carried out by
addition of equimolar amounts of the
various prostaglandins indicated. Per-
centage inhibition was calculated from
the difference in binding in the presence
and absence of unlabeled prostaglandin.
In the experiment demonstrated, PGA;,
the homologous ligand, inhibited sig-
nificantly when less than 0.1 pmole was -
added. The comparative degrees of in-
hibition again demonstrated that the
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antibody used had specificity directed
toward both the cyclopentane ring
(PGA: > PGE:1 > PGFia) and the
side chains (PGA;>PGA, and
PGE; > PGE,).

This prostaglandin immunoassay sys-
tem has not yet been fully character-
ized. However, it is already clear that
by varying the antibody PGA;, PGA,,
and PGE; can be measured in sub-
picomolar amounts. The present sensi-
tivity of the immunoassay system and
the differing degrees of prostaglandin
cross reactivity justify the prediction
that the radioimmunoassay system will
be useful in evaluating the physiologic
role of various members of the prosta-
glandin family.

BERNARD M. JAFFE, JAY W. SMITH
WiLLiaAM T. NEwWTON
CHARLES W. PARKER
Departments of Surgery and Medicine,
Washington University School of
Medicine, St. Louis, Missouri 63110
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Adenosine 3’,5’-Monophosphate Phosphodiesterase
in the Growth Medium of Physarum polycephalum

Abstract. The acellular slime mold Physarum polycephalum releases a soluble
adenosine 3',5'-monophosphate phosphodiesterase into the growth medium. Al-
though this enzyme resembles the particulate diesterase of the same organism in
kinetic properties and in inhibition by methyl purines, its greater stability, its
insensitivity to stimulation by imidazole and to inhibition by adenosine triphos-
phate, and its selective release into the medium indicate a specific function,
perhaps protection against exogenous cyclic nucleotide, for the soluble enzyme.

Although adenosine 3’,5’-monophos-
phate (3’,5-AMP) has been studied
extensively in animal tissues as the
probable mediator of the action of
many hormones (), recent work has
also implicated 3’,5/-AMP in organisms
not known to respond to hormones. Ex-
amples include the control of enzyme
synthesis in bacteria (2) and the stimu-
lation of aggregation (3, 4) and pos-
sibly differentiation (5) of Dictyostelium
discoideum amoebae. Thus, in bacteria
and in slime molds, 3’,5-AMP appears
to have highly specialized functions
related to normal growth and devel-
opment. The slime molds in partic-
ular may normally be expected to exist
in environments providing exogenous
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sources of 3/,5’-AMP (for example, from
dead bacteria). Because an exogenous
supply of this nucleotide might interfere
with normal regulatory mechanisms,
such organisms may have evolved pro-
tective mechanisms. Thus Dictyostelium
amoebae release into the growth medi-
um a phosphodiesterase that hydrolyzes
3/,5-AMP to 5’-AMP (6).

The present results show that Physa-
rum polycephalum plasmodia contain a
largely particulate 3’,5'-AMP phospho-
diesterase and also release a potent
phosphodiesterase into the growth me-
dium; the properties of the two enzymes
are significantly different.

Physarum polycephalum was grown
in submerged culture (7); 30 ml of

growth medium was inoculated with
about 1 ml of a 3-day culture. When
required, surface cultures were estab-
lished on filter paper in contact with
liquid medium (8). To obtain material
for enzyme extraction, the mold was
allowed to settle in the culture flask,
collected with a Pasteur pipette, and
washed by again settling through fresh
medium. After removal of excess medi-
um on filter paper, the mold was ho-
mogenized for 30 seconds in a Potter-
Elvehjem homogenizer in 50 mM
tristhydroxymethyl)aminomethane (tris)
(pH 7.4) and centrifuged at 20,000g
for 10 minutes. The residue was
washed once in 50 mM tris (pH 7.4)
and finally suspended in the same buf-
fer. To test for extracellular phospho-
diesterase the growth medium was sep-
arated from the mold by decanting after
3 days of growth in shake culture and
centrifuged at 20,000g for 15 minutes.
The phosphodiesterase in the growth
medium could be concentrated by pre-
cipitation between 40 and 60 percent
saturation with ammonium sulfate fol-
lowed by dialysis against 500 volumes
of 10 mM tris (pH 7.4) for 16 hours;
unless otherwise stated this concen-
trated enzyme was used in all studies
with the growth medium enzyme.
Enzyme activity was routinely as-
sayed by separation of the reaction
products by paper chromatography.
The reaction mixture contained, in a
final volume of 0.03 ml, 0.05M tris
buffer (pH 7.4), 0.01M MgCl,, 0.35
pc  of tritiated 3/,5’-AMP  (specific
activity, 1.4 c/mmole), approximately
10 ug of snake venom 5’-nucleotidase,
29 mM 3,5-AMP unless otherwise
stated, and enzyme. Incubations were
carried out at 30°C, and reactions were
stopped with 0.01 ml of concentrated
HCI. Samples (0.05 ml) were chro-
matographed on Whatman 3-MM paper
in a solution of 1M ammonium acetate
and ethanol (15:35, by volume);
radioactivity associated with adenosine
was measured by liquid scintillation
counting. Control assays indicated that
the 5’-nucleotidase preparation did not
contain significant 3’,5’-AMP phospho-
diesterase activity. The activity of 5’-
nucleotidase was measured in similar
assays without 3’,5-AMP and 5’-nu-
cleotidase and including 0.4 mM
[8-1*CJAMP (specific activity, 1.2 uc/
pmole). Protein was measured by the
method of Lowry et al. (9).
Preliminary experiments indicated
that 3/,5-AMP phosphodiesterase ac-
tivity was mainly located in a particu-
late fraction of Physarum and was also
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