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tallography. 

Study of structure determinations of 

diopside (11) and tremolite (12) and 

packing models of both shows that the 

amphibole space group directly compa- 
rable to diopside C2/c is 12/m. Lamel- 
lae directly comparable to (001) in 
pyroxene would be indexed as (101) 
for space group C2/m of amphibole. 
Similarly, if the C cell is chosen for 
the amphibole, then the directly cor- 

responding pyroxene space group is 
12/c. Figure 2 shows the relations be- 
tween these two alternative sets of 

pyroxene and amphibole cells together 
with the Z-vibration directions and ex- 
solution planes. The traditional optic 
orientation of diopside was independ- 
ently confirmed on a chromian speci- 
men from Outokumpu, Finland, showing 
excellent {001} parting. The angle Z 
A c has the same sense relative to the 
internal structure in both diopside and 

clinoamphibole. 
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Sterol Requirement for Reproduction of a Free-Living Nematode 
Abstract. The free-living, hermaphroditic nematode Caenorhabditis briggsae 

has a nutritional requirement for sterols. It will reproduce indefinitely in a liquid 
medium containing only bacterial cells (Escherichia coli) and salts if various 
sterols are present. Several other lipid-soluble materials are ineffective in sup- 
porting reproduction. 
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Abstract. The free-living, hermaphroditic nematode Caenorhabditis briggsae 

has a nutritional requirement for sterols. It will reproduce indefinitely in a liquid 
medium containing only bacterial cells (Escherichia coli) and salts if various 
sterols are present. Several other lipid-soluble materials are ineffective in sup- 
porting reproduction. 

Reproduction of free-living nema- 
todes under axenic conditions requires 
the presence of an undefined tissue ex- 
tract (1). Mammalian liver or chick 
embryo are the most appropriate 
sources (2), though extracts of other 
tissues and bacteria are reportedly effec- 
tive (3). Although a suitable defined 
basal medium for the organisms has 
been developed, the nutritional nature 
of the extract has not been satisfac- 

torily resolved. 
Fractionation of an extract of lamb 

liver on hydroxylapatite has led to the 
recovery of fractions which support 
growth and reproduction of free-living 
nematodes (3). These fractions consist 

mostly of protein, but they also con- 
tain a small lipid moiety. Since the basal 
medium contains no lipids (4), the 
nematodes can either synthesize all of 
their required sterols and fatty acids or 
these materials must be provided by 
the "growth factor." The free-living 
nematode Turbatrix aceti can synthesize 
polyunsaturated fatty acids de novo (5), 
but no evidence was found for sterol 
biosynthesis in this organism or in C. 
briggsae (6). 

Caenorhabditis briggsae, a hermaph- 
roditic nematode, grows and reproduces 
in the presence of Escherichia coli (and 
other bacteria) on a nutrient agar medi- 
um. However, Dougherty (7) reported 
that the nematode will not reproduce if 
the nutrient agar is changed to one con- 

taining only basal salts and glucose. 
These results suggest that essential me- 
tabolites lacking in the bacteria are 

provided in the nutrient agar. Particu- 

larly significant is the fact that procary- 
otic bacteria are deficient in sterols and 

polyunsaturated fatty acids (8). 
Axenic larvae of C. briggsae were 

inoculated into sterile, capped test tubes 
(13 by 100 mm) containing slants of 
minimal agar previously streaked with 
E. coli (ML30 strain) grown on a min- 
imal medium consisting of salts and 
glucose. A purified grade of agar (Dif- 
co Purified Agar) was used and con- 
tained the following: 8.5 g of K2HPO4, 
4.2 g of KH2PO4, 1.0 g of NaCl, 0.8 g 
of NH4CI, 0.1 g of Na2SO4, 0.05 g of 
MgCl26H20, 0.01 g of CaCl1, 0.0005 g 
of FeSO4-7H20, 1.0 g of glucose, and 
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16 g of agar per liter of distilled water, 
adjusted to pH 6.9 to 7.0. The nema- 
todes grew and reproduced in 5 days 
at 20?C. The offspring were serially 
subcultured four times without dimin- 
ishment of growth. Thus, it appeared 
that our agar possessed an essential nu- 
trient lacking in Dougherty's original 
preparation (7), or that the nematodes 
could grow successfully on E. coli as the 
sole source of organic nutrients. How- 
ever, larvae of C. briggsae, when inocu- 
lated into a liquid medium limited to 
phosphate buffer and E. coli (see below) 
reproduced readily for only one gen- 
eration. The offspring usually grow only 
to advanced larval stages or to the size 
of small adults. An occasional individ- 
ual (about one out of six) managed 
to produce new larvae which did not 
survive further subculture in this 
medium. 

To show that the material lacking 
in the liquid medium is a sterol, we 
carried out the following experiments. 
Escherichia coli (ML30) was grown in 
a minimum liquid medium with the same 
composition as that of the agar slants 
(except that 2.5 g of glucose per liter was 
added) for 9 hours at 37?C. The cells 
were collected, washed by centrifuga- 
tion, and finally diluted with a .067M 
potassium phosphate buffer-salt solu- 
tion containing in final concentration: 
3.25 mM NaCI, 3.0 mM magnesium 
citrate, 1.5 mM CaCI2, 0.235 mM 
Na2SO4, 0.15 mM FeCla, 0.112 mM 

MnC12, 0.075 mM ZnCl2, and 0.038 mM 
CuCl2. The concentration of bacterial 
cells was approximately 0.3 mg/ml (dry 
weight). 

Stoppered tubes (10 by 75 mm) 
containing 0.25 ml of cell suspension 
were each inoculated with three fresh- 
ly hatched larvae and incubated at 
20?C. The offspring from these cultures 
were subcultured into fresh medium of 
the same composition. From the occa- 
sional individual which again repro- 
duced, "depleted" larvae were obtained 
for the growth experiments outlined in 
Fig. 1. Cholesterol, 7-dehydrocholes- 
terol, ergosterol, fl-sitosterol, and stig- 
masterol were combined and dissolved 
in Tween 80, and the product was 
sterilized by Millipore filtration. The 
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combined sterols were added to the bac- 
terial medium so that each sterol was 
present at a concentration of 10 ug/ml 
(50 ug/ml total); Tween 80 comprised 
0.13 percent. 

The larvae inoculated into the me- 
dium containing E. coli cells plus the 
sterol mixture reproduced rapidly and 
in large numbers (usually 70 to 100 
larvae in 3 days), whereas those trans- 
ferred into medium containing cells 
alone or with Tween did not (Fig. 1). 
Furthermore, after "depleted" larvae 
exposed to sterols reproduce, the off- 
spring are capable of producing at least 
one generation in the absence of these 
compounds. 

The medium containing both bacteria 
and sterols can sustain indefinite sub- 
culture: thus far, C. briggsae has been 
grown through ten successive subcul- 
tures, with consistently rapid and pro- 
fuse growth. We often observed gener- 
ation times of less than 2.5 days, a rate 
which equals or exceeds the best so far 
reported for C. briggsae (9). 

Similar nutritional experiments were 
carried out with the individual sterols. 
Cholesterol, ergosterol, 7-dehydrocho- 
lesterol, /-sitosterol, and stigmasterol 
were tested at a concentration of 25 
jug/ml in the presence of E. coli. Cho- 
lestane was also tried. In each instance, 

reproduction was followed through at 
least three successive subcultures of lar- 
val offspring. In the control experiments 
(cells alone) only an occasional indi- 
vidual reproduced, and the offspring, 
after subculture, died. Those media con- 
taining ergosterol, 7-dehydrocholesterol, 
/f-sitosterol, and stigmasterol supported 
rapid reproduction, and populations 
were achieved comparable to those ob- 
tained with the sterol mixture. Addi- 
tion of cholesterol led to the production 
of smaller populations. Cholestane was 
almost as effective as the other sterols 
in achieving reproduction, but the lar- 
vae did not produce the usual single 
generation when subcultured into a me- 
dium containing cells alone. This may 
indicate that, unlike the sterols, cho- 
lestane cannot be carried over in ade- 
quate amounts for one generation. 

Several other lipid-soluble materials 
were tested for their ability to support 
reproduction. Squalene alone, vitamin 
A alone, and a mixture of vitamin E, 
linoleic acid, and arachadonic acid 
failed to support reproduction, being no 
better than the control experiments. 

We conclude that the free-living nem- 
atode C. briggsae requires a sterol or 
related derivative for reproduction. It is 
not clear, however, which sterol best 
fills this requirement. Necessary quan- 

C. briggsoe larvae 

(hatched in defined medium)* 

E. coli cells (+) 

Cel Is (?) 

Cells (-) Cells + sterols*(+) Cells + Tween (-) 

Cells (+) Cells + Tween (+) Cells + sterols (+) 

Cells ) Cells + Tween ( 

Cells + sterols (+) Cells + sterols (+) 

Cells () 

Cells + sterols (+) Cells + sterols (+) Cells + sterols (+) 

(repeated subculture) (repeated subculture) (repeated subculture) 

Fig. 1. Effect of sterols on reproduction of C. briggsae. Cells, Cells + Tween, and 
Cells + sterols refer to components of the medium described in the text; (+) indi- 
cates rapid reproduction (2.5 to 3 days) by all individuals and the production of many 
offspring (70 to 100) from the original three larvae; (?) indicates that an occasional 
nematode (about one in six) yielded a second generation when grown in medium con- 
taining cells alone; (-) indicates the absence of reproduction. In each experiment 
duplicate tubes were observed, each initially containing three larvae. * Adult nematodes 
were rinsed in several changes of buffer solution, and the freshly hatched larvae then 
used in the subsequent experiments. t Sterols were dissolved in Tween 80. 
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titles appear to be small, as good 
growth and reproduction are achieved 
at a concentration of 1.3 /ug of the 
sterol mixture per milliliter. At lower 
concentrations, reproduction was irreg- 
ular. Bacterial cells are obviously pres- 
ent in excess, since the tubes that con- 
tain adequate amounts of sterols eventu- 
ally develop populations in the hun- 
dreds. 

Since C. briggsae obtains all of its 
nutritional requirements except sterols 
when grown on E. coli, they apparently 
do not require polyunsaturated fatty 
acids. This result is in agreement with 
the report that the free-living nematode 
T. aceti can synthesize these products 
de novo (5). 

Our data are subject to two, criti- 
cisms: (i) It is possible, though un- 
likely, that the bacteria convert the 
sterols in the medium to other deriva- 
tives essential for the nematodes. A 
final solution to this problem awaits a 
cell-free preparation from bacteria 
which will replace living cells as food 
for C. briggsae. (ii) Impurities in the 
sterol preparations might be responsible 
for the growth activity; gas-liquid chro- 
matography of the sterols showed the 
presence of significant amounts of im- 
purities in all except cholesterol and 
cholestane. However, the likelihood of 
a specific impurity in each preparation 
seems limited since the sterols were 
derived from widely different sources 
(animal, plant, and yeast). 

The establishment of a sterol require- 
ment for C. briggsae has relevance to 
the problem of identifying the unique 
growth supplement from liver necessary 
for the axenic culture of this and other 
free-living nematodes. One can con- 
clude that the "active" liver fractions 
isolated by Sayre (3) consist of at least 
two essential components, one of which 
is a sterol (10). The other constituent 
is presumably the heat-labile substance 
which also exists in bacteria and chick- 
embryo extract (2). Implicit in this 
conclusion is the fact that the protein 
fractions, previously found to be "in- 
active," may merely be lacking in a 
lipid (sterol-containing) moiety. The 
clear identification of a sterol re- 
quirement for C. briggsae should sim- 
plify future efforts to characterize the 
factor or factors which are necessary 
for the continuous reproduction of this 
and related organisms. 

W. F. HIEB 
MORTON ROTHSTEIN 

Department of Biology, State 
University of New York, Buffalo 
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Acetylation of Human Serum 

Albumin by Acetylsalicylic Acid 

Abstract. Human serum albumin is 
acetylated when exposed to acetylsali- 
cylic acid (aspirin) under physiologic 
conditions in vitro. Indications are that 
a similar phenomenon occurs in vivo 
after ingestion of aspirin. 

Previous studies have shown that 
treatment of human serum albumin 
(HSA) with acetylsalicylic acid (as- 
pirin) permanently enhanced the capa- 
city of albumin to bind a marker anion, 
13 1-labeled acetrizoate (1-4). The 
treatment in vitro or in vivo of albumin 
by salicylic acid did not produce this 
effect. The permanent alteration of the 
capacity of albumin to bind the marker 
anion indicated that the structure of 
HSA was irreversibly altered by aspirin. 
We now report that aspirin acetylates 
HSA under physiologic conditions in 
vitro and that acetylation of HSA in 
vivo is probably responsible for the re- 
ported enhancement of acetrizoate 
binding observed in the serum of many 
patients (1) or normal subjects (4) in- 
gesting aspirin in a therapeutic dos- 
age. 

The inherent chemical instability of 
the aspirin molecule, as exemplified by 

References and Notes 

1. E. C. Dougherty, E. L. Hansen, W. L. Nich- 
olas, J. A. Mollett, E. A. Yarwood, Ann. N.Y. 
Acad. Sci. 77, 176 (1959). 

2. W. L. Nicholas, E. C. Dougherty, E. L. Han- 
sen, ibid., p. 278. 

3. F. W. Sayre, R. T. Lee, R. P. Sandman, G. 
Perez-Mendez, Arch. Biochem. Biophys. 118, 
58 (1967). 

4. F. W. Sayre, E. L. Hansen, E. A. Yarwood, 
Exp. Parasitol. 13, 98 (1963). 

5. M. Rothstein and P. Gotz, Arch. Biochem. 
Biophys., in press. 

6. R. J. Cole, thesis, University of Maryland 
(1967); M. Rothstein, Comp. Biochem. 
Physiol., in press. 

7. E. C. Dougherty, J. Parasitol. 39, suppl., 32 
(1953). 

8. K. Block, Evolving Genes and Proteins, V. 
Bryson and H. J. Vogel, Eds. (Academic 
Press, New York, 1965), p. 53. 

9. E. L. Hansen, E. J. Buecher, Jr., E. A. Yar- 
wood, Nematologica 10, 623 (1964). 

10. An analysis of the lipids extracted from active 
liver preparations has revealed that choles- 
terol is present [W. F. Hieb and R. P. Sand- 
man, Fed. Proc. 26, 797 (1967)]. 

11. We thank Dr. R. J. Harvey for the initial 
culture of E. coli (ML30 strain). Supported 
in part by PHS grants GM 13766 and AI 
07145. W.F.H. is a predoctoral candidate on 
leave from the Department of Nutrit:onal 
Sciences, University of California, Berkeley. 

10 April 1968 

Acetylation of Human Serum 

Albumin by Acetylsalicylic Acid 

Abstract. Human serum albumin is 
acetylated when exposed to acetylsali- 
cylic acid (aspirin) under physiologic 
conditions in vitro. Indications are that 
a similar phenomenon occurs in vivo 
after ingestion of aspirin. 

Previous studies have shown that 
treatment of human serum albumin 
(HSA) with acetylsalicylic acid (as- 
pirin) permanently enhanced the capa- 
city of albumin to bind a marker anion, 
13 1-labeled acetrizoate (1-4). The 
treatment in vitro or in vivo of albumin 
by salicylic acid did not produce this 
effect. The permanent alteration of the 
capacity of albumin to bind the marker 
anion indicated that the structure of 
HSA was irreversibly altered by aspirin. 
We now report that aspirin acetylates 
HSA under physiologic conditions in 
vitro and that acetylation of HSA in 
vivo is probably responsible for the re- 
ported enhancement of acetrizoate 
binding observed in the serum of many 
patients (1) or normal subjects (4) in- 
gesting aspirin in a therapeutic dos- 
age. 

The inherent chemical instability of 
the aspirin molecule, as exemplified by 
its spontaneous hydrolysis in water to 
acetic and salicylic acids, suggested that 
either the acetyl or the benzoate por- 
tion of aspirin might interact with HSA. 

Accordingly, HSA was treated with as- 
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pirin labeled with C14 either at the car- 
boxyl group or at the acetyl group; so- 
dium salicylate labeled with C14 at the 
carboxyl group was used as a control 
(5) (Fig. 1). Human serum albumin 
(Squibb, fraction V); 14 mg/ml, 2.0 X 
10-4M was dialyzed against 0.10M so- 
dium phosphate buffers, pH 5.0 through 
10.0. Duplicate 2.0-ml samples of these 
albumin preparations were added to 2.0 
ml of 1.0 x 10-3M solutions of aspirin 
labeled in the carboxyl or acetyl posi- 
tion, or of sodium salicylate labeled in 
the carboxyl position. The final reaction 
concentrations of the salicylates were 
chosen to be comparable to therapeutic 
blood levels. The mixtures were incu- 
bated at 37?C for 24 hours and then 
were dialyzed at 4?C for 48 hours 
against multiple changes of 0.15M 
NaCI containing 0.01M sodium sali- 
cylate as carrier to remove ionically 
bound aspirin. No radioactivity was 
detected in the final dialyzate. Duplicate 
0.10-ml samples were counted for C14 
activity in a Packard Tri-Carb liquid 
scintillation counter. Samples of 1.0 ml 
were dialyzed against three 1-liter vol- 
umes of 8M urea (pH 5.5) or 6M 
guanidine (pH 6.4) at 25?C for 48 
hours, against 0.10M NaH2PO4 for 24 
hours, and then against phosphate- 
buffered saline, pH 7.0, for 24 hours. 
The samples treated with urea and 
guanidine were counted for C14 ac- 
tivity. Protein concentrations were de- 
termined before and after treatment 
with urea or guanidine by the micro- 
Kjeldahl method of nitrogen determina- 
tion. In addition to the above, duplicate 
1.0-ml samples were dialyzed free of 
the sodium salicylate with borate-saline 
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Fig. 1. Structural formulas of salicylic acid 
and acetylsalicylic acid showing position 
of carbon-14 label (*). 
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buffer, pH 7.4 and acetrizoate binding 
was determined by equilibrium dialysis 
with 1.0 X 107-M I131-labeled acetrizoate 
(6). 

Human serum albumin treated with 
aspirin labeled in the carboxyl position 
retained a maximum of less than 2 
moles of C14-carboxyl per 100 moles of 
HSA (Table 1). It is possible that this 
extremely low binding could be due to 
the formation of a salicylamide deriva- 
tive (7); alternatively the <1 percent 
trace contaminant that may have been 
in the aspirin labeled in the carboxyl 
position could account for this binding. 
The C14 activity of HSA treated with 
salicylic acid labeled in the carboxyl 
position was negligible. In striking con- 
trast, the HSA treated with aspirin 
labeled in the acetyl position had sig- 
nificant C14 activity, indicating that 
acetylation of HSA occurred. The de- 
gree of acetylation was identical before 
and after treatment with either 8M urea 
or 6M guanidine and varied with the 
pH of the reaction mixture, tending to 
increase with decreasing hydrogen ion 
concentration. At pH 7.3 (that is, phys- 
iologic pH) an average of 1.2 acetyl 
groups were covalently bound per mol- 
ecule of HSA, and a maximum binding 
of three acetyl groups per molecule was 
observed at pH 9 to 10. The degree of 
acetylation of HSA was determined by 
assuming that 100 percent of the C14 
activity was associated with HSA rather 
than with a trace serum contaminant 
in the purified fraction V preparation. 
This assumption was verified by auto- 
radiography of an immunoelectropho- 
retic pattern of HSA acetylated with 
acetylsalicylic acid-l-C14(acetyl). Car- 
bon-14 activity was associated with the 
entire albumin line and not with other 
serum proteins (Fig. 2), even when 
subjected to electrophoresis with whole 
normal human serum as carrier. 

Binding of the marker anion, acetri- 
zoate, was similarly enhanced by treat- 
ment with aspirin labeled in either the 
carboxyl or acetyl position. The acetri- 
zoate data obtained with the latter is 
presented in Table 1. Near maximum 
binding was seen at pH 7.0, where there 
was an average of one acetyl group per 
UISA molecule. Despite the addition of 
two more acetyl groups at pH 9.0, there 
was a minimum increase in acetrizoate 
binding. 

The striking difference in residual 
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The striking difference in residual 
C14 activity which remained on the 
HSA molecule after exposure to aspirin 
labeled in the acetyl position as com- 
pared with aspirin labeled in the car- 
boxyl position indicated that aspirin 

SCIENCE, VOL. 160 

C14 activity which remained on the 
HSA molecule after exposure to aspirin 
labeled in the acetyl position as com- 
pared with aspirin labeled in the car- 
boxyl position indicated that aspirin 

SCIENCE, VOL. 160 


