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thrombin after transcription but the 
nature of the control site is still undeter- 
mined. Although it has been suggested 
(1) that the vitamin regulates the de 
novo synthesis of prothrombin, obser- 
vations from a number of different 
laboratories (2) indicate that protein 
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Table 1. Activities of prothrombin and precursor in microsomal extracts of rat liver. 

Prothrombin in plasma and microsomal extracts was assayed, and results were expressed as 

Iowa units. To measure precursor activity, I incubated 0.5 ml of microsomal suspension with 

0.1 ml of Echis carinatus venom (1 mg/ml) at 37?C. After 15 minutes, 0.1 ml of the 

treated suspension was added to a mixture of 0.1 ml of fibrinogen (1 percent clottable protein 
in 25 mM imidazole (pH 7.4) and 150mM NaCI), and 0.3 ml of a buffered acacia solution 

containing 50 mM imidazole (pH 7.4), 120 mM NaCI, 5 mM CaCl,, and 3 percent acacia. The 

mixture was tipped gently in a small tube until a visible clot formed. These clotting times 

were converted to thrombin units by comparison to a standard curve prepared by dilution of 

NIH standard thrombin. Sodium warfarin (5 mg/kg, intraperitoneal) or chloro-K (5 mg/kg, 

intracardial) was given 18 hours before the experiments, and vitamin K (5 mg/kg) was 

given 1 hour before the animals were killed. The vitamin was given intramuscularly to rats 

deficient in vitamin K, and intravenously to rats treated with warfarin. Cycloheximide (5 

mg/kg, intraperitoneal) was given 30 minutes before the vitamin. Results are expressed as 
means ? standard errors. The number of animals used in each experiment are given after the 

treatment in column 1. 

Prothrombin concentration 
(unit/ml) in: Precursor activity 

Treatment Thrombin 

tMicrosomal Clotting equivalent in 
Plasma ctime mirosomal Plasma "extract time* microsomal 

(seconds) extract 
(unit/ml) 

Control (7) 218 ? 12 2.1 0.1 30 (22-46) 1.9 ? 0.3 

Warfarin (10) 32 6 <1 12 (11-14) 8.7 ? 0.6 

Chloro-K (4) 34 4 <1 11(10-11) 11.8 ? 0.3 

Deficient in K (6) 81 ? 20 <1 20 (18-24) 3.2 ? 0.2 

Deficient in K + K (6) 175 ? 27 2.2 ? 0.1 77 (65-120) 0.7 ? 0.1 

Warfarin + K (4) 136 ? 3 1.9 ? 0.1 97 (96-120) 0.6 ? 0.1 

Warfarin + K 
+ cycloheximide (4) 104 ? 3 2.0 ? 0.1 52 (34--62) 1.1 0.2 

., ___ 

. 

. . _ 
* Expressed as median with range in parentheses. 

192 

Table 1. Activities of prothrombin and precursor in microsomal extracts of rat liver. 

Prothrombin in plasma and microsomal extracts was assayed, and results were expressed as 

Iowa units. To measure precursor activity, I incubated 0.5 ml of microsomal suspension with 

0.1 ml of Echis carinatus venom (1 mg/ml) at 37?C. After 15 minutes, 0.1 ml of the 

treated suspension was added to a mixture of 0.1 ml of fibrinogen (1 percent clottable protein 
in 25 mM imidazole (pH 7.4) and 150mM NaCI), and 0.3 ml of a buffered acacia solution 

containing 50 mM imidazole (pH 7.4), 120 mM NaCI, 5 mM CaCl,, and 3 percent acacia. The 

mixture was tipped gently in a small tube until a visible clot formed. These clotting times 

were converted to thrombin units by comparison to a standard curve prepared by dilution of 

NIH standard thrombin. Sodium warfarin (5 mg/kg, intraperitoneal) or chloro-K (5 mg/kg, 

intracardial) was given 18 hours before the experiments, and vitamin K (5 mg/kg) was 

given 1 hour before the animals were killed. The vitamin was given intramuscularly to rats 

deficient in vitamin K, and intravenously to rats treated with warfarin. Cycloheximide (5 

mg/kg, intraperitoneal) was given 30 minutes before the vitamin. Results are expressed as 
means ? standard errors. The number of animals used in each experiment are given after the 

treatment in column 1. 

Prothrombin concentration 
(unit/ml) in: Precursor activity 

Treatment Thrombin 

tMicrosomal Clotting equivalent in 
Plasma ctime mirosomal Plasma "extract time* microsomal 

(seconds) extract 
(unit/ml) 

Control (7) 218 ? 12 2.1 0.1 30 (22-46) 1.9 ? 0.3 

Warfarin (10) 32 6 <1 12 (11-14) 8.7 ? 0.6 

Chloro-K (4) 34 4 <1 11(10-11) 11.8 ? 0.3 

Deficient in K (6) 81 ? 20 <1 20 (18-24) 3.2 ? 0.2 

Deficient in K + K (6) 175 ? 27 2.2 ? 0.1 77 (65-120) 0.7 ? 0.1 

Warfarin + K (4) 136 ? 3 1.9 ? 0.1 97 (96-120) 0.6 ? 0.1 

Warfarin + K 
+ cycloheximide (4) 104 ? 3 2.0 ? 0.1 52 (34--62) 1.1 0.2 

., ___ 

. 

. . _ 
* Expressed as median with range in parentheses. 

192 

synthesis is not required for the step 
sensitive to vitamin K in the production 
of prothrombin; we have recently 
presented indirect evidence (3) for the 
conversion of a precursor protein to 
prothrombin in the rat. 

Stenflo (4) has reported the presence 
of an antigenically active, but bio- 
logically inactive, prothrombin in the 
plasma of cows treated with Dicumarol. 
The venom from Echis carinatus (saw- 
scaled viper) (5) can cause generation 
of thrombin from purified preparations 
of this abnormal prothrombin (6). This 
observation, and that of Josso et al, 
(7) suggested that the postulated pro- 
thrombin precursor from the liver 
might also be activated by such non- 

physiological means. 
Male Holtzman rats (200 g) were 

made hypoprothrombinemic by treating 
them with the vitamin K antagonists 
warfarin or 2-chloro-3-phytyl-l,4-naph- 
thoquinone (chloro-K) (8), or by feeding 
them a diet deficient in vitamin K for 
7 days, while they were in cages that 

prevented coprophagy (9). Blood was 
drawn by cardiac puncture from starved 
rats anesthetized with ether; a liver 
microsomal extract was also prepared 
from these animals (10, 11). Prothrom- 
bin concentrations were measured in 

plasma by the two-stage method of 
Ware and Seegers as modified by 
Shapiro and Waugh (12), and in the 
microsomal extracts by methods pre- 
viously described (11). 

The microsomal extract from rats 
treated with warfarin for 18 hours 
before they are killed has previously 
been shown (11) to contain no detect- 
able prothrombin activity. However, 
when the thrombin-generating step of 
the two-stage assay was replaced by an 
incubation with Echis carinatus venom, 
a thrombin-like activity that would clot 
the fibrinogen mixture in less than 15 
seconds was generated in extracts from 
the rats treated with warfarin. When 
the mixture containing fibrinogen was 
incubated with venom alone, or with 
microsomal extract alone, no clot was 
formed in 120 seconds. The clotting 
activity, generated from some factor 
other than prothrombin in the micro- 
somal extract, will be subsequently 
referred to as precursor activity. 

The amount of precursor activity in 
the liver microsomal extract is inversely 
related to prothrombin concentrations 
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different vitamin K antagonists, as well 

as a nutritional deficiency of the vita- 

min, all result in a decrease in prothrom- 
bin concentrations in the plasma and 

SCIENCE, VOL. 179 

(Table 1). The data show that two 
different vitamin K antagonists, as well 

as a nutritional deficiency of the vita- 

min, all result in a decrease in prothrom- 
bin concentrations in the plasma and 

SCIENCE, VOL. 179 

References and Notes 

1. D. Branton, Phil. Trans. Roy. Soc. London 
Ser. B 261, 133 (1971). 

2. - , Annu. Rev. Plant Physiol, 20, 209 
(1969). 

3. N. S. McNutt and R. S. Weinstein, J. Cell 
Biol. 47, 666 (1970). 

4. S. Bullivant and A. Ames, ibid. 29, 435 
(1966). 

5. S. Bullivant, Micron 1, 46 (1969). 
6. H. Moor, K. Mihlethaler, H. Waldner, A. 

Frey-Wyssling, J. Biophys. Biochem. Cytol. 
10, 1 (1961). 

7. H. H. R. Friederici, J. Ultrastruct. Res. 23, 
444 (1968); Lab. Invest. 21, 459 (1969). 

8. D. W. Deamer, R. Leonard, A. Tardieu, 
D. Branton, Biochim. Biophys. Acta 219, 47 
(1970); S. J. Singer and G. L. Nicolson, 
Science 175, 720 (1972). 

9. D. D. Sabatini, K. Bensch, R. J. Barrnett, 
J. Cell Biol. 17, 19 (1963). 

References and Notes 

1. D. Branton, Phil. Trans. Roy. Soc. London 
Ser. B 261, 133 (1971). 

2. - , Annu. Rev. Plant Physiol, 20, 209 
(1969). 

3. N. S. McNutt and R. S. Weinstein, J. Cell 
Biol. 47, 666 (1970). 

4. S. Bullivant and A. Ames, ibid. 29, 435 
(1966). 

5. S. Bullivant, Micron 1, 46 (1969). 
6. H. Moor, K. Mihlethaler, H. Waldner, A. 

Frey-Wyssling, J. Biophys. Biochem. Cytol. 
10, 1 (1961). 

7. H. H. R. Friederici, J. Ultrastruct. Res. 23, 
444 (1968); Lab. Invest. 21, 459 (1969). 

8. D. W. Deamer, R. Leonard, A. Tardieu, 
D. Branton, Biochim. Biophys. Acta 219, 47 
(1970); S. J. Singer and G. L. Nicolson, 
Science 175, 720 (1972). 

9. D. D. Sabatini, K. Bensch, R. J. Barrnett, 
J. Cell Biol. 17, 19 (1963). 

Mechanism of Action of Vitamin K: 

Demonstration of a Liver Precursor of Prothrombin 

Abstract. Extracts of sonicated liver microsomes that are prepared from rats 

deficient in vitamin K or from rats given vitamin K antagonists contain a factor 

that liberates a thrombin-like activity when it is incubated with venom from 

Echis carinatus. The amount of this factor is low in control rats and in hypo- 

prothrombinemic rats given vitamin K I hour before they were killed. These data 

indicate that this factor is a protein precursor of prothrombin, which is synthe- 

sized in the liver. 
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liver and an increase in the precursor 
concentration in the liver. Administra- 
tion of the vitamin to hypoprothrom- 
binemic rats caused a decrease in the 
amount of precursor in the liver, and an 
increase in prothrombin concentration 
in the liver and plasma. In agreement 
with previous observations (2, 3, 11), cy- 
cloheximide treatment failed to block 
the increase in prothrombin in the 
plasma induced by the vitamin, and 
also failed to block the decrease in 
precursor activity in the liver.- The 
concentration of precursor in the liver 
increased rapidly when prothrombin 
synthesis was blocked by warfarin, and 
more slowly during development of a 
vitamin K deficiency (Fig. 1). 

Prothrombin and the other plasma 
clotting factors dependent on vitamin K 
are strongly adsorbed to barium salts, as 
is the prothrombin in a liver micro- 
somal extract (11). In contrast, the 
abnormal prothrombin found in the 
plasma of cows treated with Dicumarol 
is not adsorbed by barium salts (4, 5). 
The microsomal extract from 12 rats 
treated with warfarin was mixed with 
BaSO4 (35 mg/ml) for 1 hour at 4?C. 
The mixture was centrifuged, and the 
supernatant was assayed with the 
venom; it retained 97 ? 4 percent of the 
activity it possessed before being 
adsorbed. When extracts from control 
rats were treated in a similar manner, 
58 + 5 percent of the activity remained 
in the supernatant, a suggestion that, 
in this case, about half the activity 
was generated from prothrombin rather 
than from precursor. 

Although the data presented are 
based on clotting activities generated 
after 15 minutes of incubation with 
venom, the maximum activity was 
usually generated within a few minutes, 
and was not decreased by prolonged 
incubation (> 60 minutes) with the 
venom. When lower concentrations of 
the venom were used, the activity was 
generated more slowly and was less 
stable. The venom from Dispholidus 
typus also generated clotting activity 
from the microsomal extract, but not 
to as great an extent. 

The amount of precursor activity 
(assayed by the extraction procedure 
used to obtain these data) is a fraction 
of that in the microsomes themselves. 
Preliminary investigations (13) have 
shown that detergent treatment of liver 
microsomes from rats treated with 
warfarin can release clotting activity 
equivalent to 400 units of thrombin 
per liver. The amount of prothrombin 
which is insensitive to cycloheximide in 
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Fig. 1. Concentrations of prothrombin in 
plasma (dashed line), and of precursor 
in microsomal extracts of liver (solid 
line), in normal rats fed a diet deficient in 
vitamin K (top), or in normal rats after 
intraperitoneal administration of warfarin 
(5 mg/kg) (bottom). The data are 
plotted as the mean of four rats + the 
standard error. 

a hypoprothrombinemic rat (150 to 200 
g) is about 100 units per milliliter of 
plasma in the first hour after adminis- 
tration of vitamin K (2, 3). As the 
yield of microsomes by the isolation 
procedure used (10) is probably no 
better than half of that in the cell, 
it appears that there is sufficient pre- 
cursor present in hypoprothrombinemic 
animals to account for the rapid pro- 
duction of prothrombin seen after 
administration of vitamin K. 

The data presented are consistent 
with the following mechanism of action 
of vitamin K. A precursor protein is 
produced in the liver, which is con- 
verted to prothrombin in a step re- 
quiring vitamin K. In the rat, at least, 
the absence of the vitamin, or the 
presence of antagonists of the vitamin, 
causes an increase in the amount of 
this precursor. In the cow (4, 5, 14) 
and human (7, 15) this precursor, or 
probably some further modification of 
it, is released into the plasma as an 
abnormal prothrombin; the situation in 
the rat is less clear. There is evidence to 
support the existence of such a protein 
(16), but other investigators (17) have 
failed to find an appreciable amount of 
an abnormal prothrombin that is anti- 
genically active in the rat. The con- 
centration of liver precursor prothrom- 

bin in species where an abnormal pro- 
thrombin is released into the plasma 
also is not known. 

Normal and abnormal prothrombin 
differ in their electrophoretic mobility 
in the presence of calcium ions, and 
we have shown (18) that the major 
physical difference between the purified 
bovine abnormal prothrombin and 
bovine prothrombin is in the inability 
to bind calcium ions in solution, or to 
bind to insoluble barium salts. These 
observations suggest that the step sen- 
sitive to vitamin K involves the attach- 
ment of some unrecognized prosthetic 
group, or the modification of some 
amino acid residues, to form the metal 
binding sites on the precursor. 

J. W. SUTTIE 

Department of Biochemistry, College 
of Agricultural and Life Sciences, 
University of Wisconsin, 
Madison 53706 
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consin, and in part by NIH grant AM-14881. 
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Water Excretion by Hydra 

Abstract. Hydra were cut so that regenerates consisting only of the central 
gastric region were formed. This region, which has no natural opening to the 
environment, is capable of osmoregulation and of removing excess fluid from 
the gut. The fluid is excreted through a break in the body wall created as a result 
of a strong contraction when the gut is distended with fluid. A normal hydra, 
therefore, must remove excess fluid by contracting and expelling it through its 
mouth. 
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Previous experiments suggested that 
osmotic regulation and volume regula- 
tion in hydra involved the active trans- 

port of sodium from the external me- 
dium into the cells and into the gut in 
one or more steps (1, 2). It was sug- 
gested that water followed passively. 
However, we were unable to demon- 
strate in any of these previous experi- 
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Fig. 1. Hydra pseudoligactus regenerate voiding fluid in normal culture water 24 hours 
after cutting. The turgid, fluid-filled animal (A) contracts until a sufficiently strong 
contraction (B) causes the body wall to burst. Cellular debris which left the regen- 
erate along with excess fluid can be seen adjacent to the animal. Upon relaxation 
(C, D) the enteron has returned to a normal volume. The four photographs repre- 
sent a time span of 15 minutes. Scale line, 1 mm. 
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Fig. 2. Hydra pseudoligactus regenerate voiding excess fluid in distilled water 24 hours 
after cutting. The regenerate was transferred to distilled water 10 minutes before 
it burst (B). The photographs are in temporal order and show the same events as 
Fig. 1. Scale line, 1 mm. 
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Fig. 2. Hydra pseudoligactus regenerate voiding excess fluid in distilled water 24 hours 
after cutting. The regenerate was transferred to distilled water 10 minutes before 
it burst (B). The photographs are in temporal order and show the same events as 
Fig. 1. Scale line, 1 mm. 

194 

ing section of an animal lacking a 
mouth regulates just as well as 
an intact animal with a mouth (3). 
There is a resting potential across the 
epithelium of a regenerating animal 
similar to that of normal animals, in- 
dicating that sodium transport is similar 
in intact and regenerating animals. 
Thus, hydra regenerates and intact 
animals are continually transporting 
sodium from the environment into the 
gut, and water passively follows. 

It was suggested that water enters 
a hydra by diffusive flow but leaves by 
bulk flow through the mouth (1, 4). In- 
deed, it is well known that hydra elimi- 
nate waste material after digesting prey 
by contracting and expelling it out of 
their mouths i(5). However, the ques- 
tion remains as to what happens in a 
regenerate which has no obvious route 
for bulk flow of water. To answer this 
question, we began a series of experi- 
ments in which various dyes were elec- 
trophoretically injected into the enteron 
of Hydra pseudoligactus and H. oligac- 
tus regenerates, reared as described pre- 
viously (1), 24 hours after cutting. 

In virtually every experiment in 
which dye was injected into the enteron 
of an animal, the animal was observed 
to burst. After continual failure, it be- 
came apparent that we were observing 
a normal mechanism. 

Twenty-four hours after the animal 
is cut, the regenerate is turgid and quite 
transparent due to distention of the 
body wall. By careful observation of re- 
generates we noted that, 24 to 28 hours 
after cutting, the animals would con- 
tract repeatedly. Eventually a sufficiently 
strong contraction caused the body wall 
to burst, and this was accompanied by 
an ejection of cellular debris and fluid 
from the enteron (Fig. 1). Upon relaxa- 
tion, the turgid appearance was gone 
and the enteron was reduced in volume. 
The area where the ejection of solids 
and liquids occurred as a result of 
bursting was often at the tip of the 
animal, but occasionally bursting oc- 
curred on the side. In 48 to 72 hours 
the regenerates had formed normal 
small hydra, which were able to expel 
fluid through their mouths. If gastric 
region regenerates were placed in dis- 
tilled water 24 hours after cutting simi- 
lar results were observed (Fig. 2). The 
contraction and bursting of the animal 
were very rapid after it was placed in 
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distilled water because of the rapid 
influx of water with the increased 
osmotic gradient. In addition, when 
the animals were placed in distilled 
water, body cells became notice- 

SCIENCE, VOL. 179 

distilled water because of the rapid 
influx of water with the increased 
osmotic gradient. In addition, when 
the animals were placed in distilled 
water, body cells became notice- 

SCIENCE, VOL. 179 


