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Abstract. Ultraviolet irradiation of alkanes on aqueous solutions of phosphate and magnesmm yields 
complex structured products which bear many properties similar to simple membranes. The relevance 
of this product to prebiologic evolution is discussed from the point of view of phase separation. 

1. Introduction 

Abiogenic syntheses under assumed primitive earth conditions of simple organic 
biological compounds are surprisingly simple and direct. Amino acids, carbohydrates, 
and related compounds result in high yield from reactions among CH4, NH3, HOH, 
and H2 subjected to electric discharge (MILLER and UREY, 1959). Nucleic acid con- 
stituents and related compounds are obtained from energy driven reactions of CN 
(or CH4), NH3 and HOH (ORal and KIMBALL, 1961; PONNAMPERUMA et al., 1963; 
PONNAMPERUMA and KIRK, 1964). Saturated hydrocarbons up to C20 form from the 
interaction of electric discharge with CH4, H2, and HOH (Wmsoy, 1960). These 
experiments display certain notable common properties. Many of the contemporary 
ubiquitous biochemical compounds (APPLEWHITE and MOROWITZ, 1966; MOROWITZ, 
1968) are formed in at least detectable yields. Also, a requirement for energy exists 
since the chemical potential of the resultant biochemicals is higher than that of the 
simpler precursors at equilibrium. The mode by which energy is supplied seems, at 
this level, not to be highly specific since either electrical discharges, electromagnetic 
radiation, ionizing radiation, heat, or chemical potential energy can lead to essentially 

the same results. 
The next hierarchical level of prebiologic evolution is less well studied and is 

concerned with the organization and polymerization of simple biochemical compounds 
into macro-molecular structures. In experimental practice this level is gradated into 
the preceding one as O~,6 (1963, 1965) has shown. Polypeptides can be synthesized 
from dry thermal or phosphate catalyzed mixtures of  amino acids (HARADA and Fox, 
1960; 1965). Resultant thermally synthesized polypeptides generate spherules when 
taken into hot aqueous solution, then cooled (Fox et al., 1959; YOUNG, 1965). Again, 
the l e i tmot i f  of these experiments is the energy requirement for both polymerization 
and for more complex structure formation. 

To study the stage of the organization of simple biochemicals we require, by 
analogy with contemporary biology, that a phase separation exist. Such a phase sepa- 
ration immediately generates a multitude of new possibilities. Interior and exterior 
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reaction rates will differ, products will be localized, shielding of radiation sensitive 
intermediates or products is likely. 

Biological phase separation is accomplished by membranes both within and 
bounding the cell. We suggest that primitive collections of organic molecules could 
also obtain boundaries, and thus phase separation, by primitive membranes. The 
object of this paper is to demonstrate that membrane-like structures can easily be 
synthesized from alkanes, phosphate, magnesium, and ultraviolet irradiation. 

2. Methods 

n-Hexadecane*, or fuel oil (400-600 ~ b.p.) was sterilized by passage through a 
Millipore GS filter prior to use. 0.01 ml of this alkane was floated onto the surface 
of 5 ml distilled water contained in an uncovered 60 mm pyrex petri dish. PO2 as 
sodium phosphate buffer, pH 7.0, and/or Mg §247 as MgC12.7 H O H  were added to 
the aqueous phase as required in varying concentrations. Plates were irradiated in a 
covered box with a General Electric 15T8 15 watt ultraviolet germicidal lamp (pre- 
dominantly at 2537 A) 10 mm from the liquid surface for a period of 24 hr. Temper- 
ature rise at the liquid surface did not exceed 40 ~ 

The product was an oily white scum distributed about the bottom of the petri 
dish. To harvest the material, excess n-hexadecane, or fuel oil, was removed by washing 
the scum in situ with several 5 ml volumes of CHC13. The residual white fluffy material 
was then scraped up, suspended in HOH, and washed several times by repeated low 
speed (2000 g) centrifugation. 

Either fuel oil or n-hexadecane as the alkane source gave essentially similar pro- 
ducts. Results of experiments reported here will be confined to the n-hexadecane 
product. 

3. Results and Discussion 

Requirement for PO~ , Mg + +, and u.v. irradiation. A number of dishes each containing 
5 ml HOH were prepared. The effect of presence or absence of PO~, Mg + +, u.v., or 
n-hexadecane was determined. To obtain the fluffy white product all these components 
were required. Table I summarizes these results. 

Chemical and physical properties of  the product. The density (g/ml) of the H O H  
washed product was 1.20-1.25 as determined by centrifugation in sucrose solutions 
of various concentrations. 

Elemental analysis of one sample of the washed dried product gave: 16.47 % C, 
5.33% H, 13.38% P, 14.44% Mg, and 50.38% O. Oxygen was determined by differ- 
ence.* * 

A dilute suspension of the product was scanned from 220 mu to 900 mu for major 
absorbance peaks using a Beckman DK-2A spectrophotometer. No characteristic 
absorbance peaks were observed. 

* Matheson, Coleman, and Bell, spectroquality. 
** Elemental analyses were performed by Truesdail Laboratory Inc., Los Angeles, Calif., U.S.A. 
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The behavior of  the product to various solvents was investigated. The product 
is insoluble in CHC13, in 5 0 ~ - 5 0 ~  CHC13-CH3OH, 9 5 ~  ethanol, and acetone. 
However, the microscopic morphologic properties of  the product were destroyed by 
acetone or alcohol dehydration. In these cases the gross changes involved a change 
of form from a fluffy white sediment to an amorphous translucent oily mass. Upon 
resuspension of the mass in water a fluffy white sediment again reformed. 

Morphologicalproperties. Examination of the washed n-hexadecane product under 
phase contrast, darkfield, and brightfield microscopes showed that the vast majority 
of  the material was composed of refractile spherules arrayed in tiered sheets. The 
average diameter of  a single spherule was 2 4  microns. When acetone or 95 ~ ethanol 
was added to the product the spherules were noted to coalesce and lose their identity. 

TABLE I 
u.v., PO4-, Mg ++, and alkane requirements 

condition result 

all components 
omit P04 = 
omit Mg ++ 
omit u.v. 
omit alkane 

white fluffy product 
oil droplets, no product 
water soluble ppt. 
oil droplets and slight soluble ppt. 
slight soluble ppt. 

Reaction mixture: 5 mld. HOH, 0.04 M phosphate buffer pH 7.0, 0.004 M 
MgC12.7HOH, 0.014 M n-hexadecane, u.v. - see text, irradiation time - to 
dryness, about 24 hrs. 

Washed spherules were dispersed by brief trituration through a 24 gauge needle 
and syringe, and then were deposited upon carbon-coated formvar  grids and air dried 
for electron microscopy. Some grids were shadowed at low angle with Pt-Pd, others 
were negatively stained with 1 ~ phosphotungsic acid, others were untreated. Typical 
morphologic properties of  the product prepared by these modes were shrunken 
spherules and a wrinkled film which appeared to be of  the same composition as the 
spherules. We stress that the pertinent feature here of  interest is the fact that a struc- 

tured product was observed. 
Washed spherules were pelleted, suspended in 3 ~ agar, stained with 0.6 ~ potas- 

sium permanganate, dehydrated in ethanol, and embedded in EPON to prepare thin 
sections for electron microscopic examination. Figure 1 displays the permanganate 
stained thin sections. Many layers of  sheets, or fibrils, are evident. The minimum 
dimensions of these structures are 35-40 •, comparable to reconstituted myelin or 
artificial membranes prepared by other means (KoRN, 1966). Not  unexpected was the 
disappearance of the spherules, since it had been found that dehydration converts 
most of  the spherule product into an amorphous mass. 

From the elemental composition of the product the mole fraction of each element 
was directly computed as: 0.126 C, 0.492 H, 0.290 O, 0.039 P, and 0.055 Mg. One 
interpretation of these data is to assume a C16 skeletal structure and to assign other 
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elements upon this basis. Per unit C16 we compute: 5.0 P, 7.0 Mg, 37.0 O, and 63.0 H. 
If  17 moles of HOH are associated with each mole of C16 we could then depict one 
of many possible structures as: 

I I I I I I 1 I I 1 I i I I I [ 
- C  - C - C -  C -  C -  C - C - C - C - C - C - C - C - C - C - C -  

I I I i I I ] I I I i I I I 
PO4-Mg-PO4-Mg-PO4-Mg PO4 

I 1 I t 
Mg Mg Mg Mg 

I 
PO4 

I 
Mg 

plus 17 HOH 

Since oxygen was determined by difference and chlorine was not measured, a 
probable variant of the above structure could include C1- ionically bonded to the 
Mg + + sites. 

It is thus clear how magnesium could act by ionic bonding to cross link molecules 
of randomly phosphorylated alkanes and form structures of  rich complexity as sheets, 
spherules, and fibrils. 

Alternate possible structures maintain the essential features of the one depicted 
above. In all cases one expects phosphorylated alkanes of varying chain length: this 
assortment of molecules, in the presence of magnesium, aggregates to form complex 
structures. The forms which the complexes can attain presumably are a function of 
alkane molecular weight, degree of phosphorylation, availability of magnesium, and 
heterogeneity in chain length. 

Several experiments were conducted to ask if lower phosphate and magnesium 
concentrations in the irradiated mixtures would yield products of lowered density 
and (perhaps) altered structure. Table II summarizes these experiments. The yields 
for experiments II[ and IV were very low, insufficient for density determination. 
Experiment II, in which phosphate concentration (0.02 M) was close to n-hexadecane 
concentration (0.014 M) yielded a white fluffy material. Density determination, per- 
formed by stepwise sucrose sedimentation, indicated a wide range of densities from 
1.0 to about 1.15 g/ml. The physical properties of the product are dependent upon the 
concentration of the reactants. 

The morphological properties of  the lighter density material appear to remain 
unaltered. Light microscopic examination revealed a multitude of spherules, 2-4 
microns in diameter, arrayed in tiered sheets. 

These experiments clearly demonstrate that a wide variety of complex structures 
can easily be derived from u.v. irradiation of alkanes in the presence of phosphate and 
magnesium. A dominant morphologic feature is the spherules which lose form upon 
dehydration. This suggests that the spherules act to bound a volume and in this sense 
cause a phase separation. It is thus easy to see how phosphorylated alkanes connected 
by divalent cations could have played a vital role in the early origins of primitive 
collections of prebiologic organic molecules. 
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Fig. 1. 

The significance of these kinds of structures in the actual prebiological process 
depends upon the availability of precursors in the primitive environment. The present 
sea water concentration of magnesium (0.04 M) and of phosphate (1.6 x 10 -8 M) 
(ALT~AN and DITTMER, 1964) indicates that, given sufficient alkanes, most will be 
monophosphorylated, and may be complexed by divalent cations. A point in favor 
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of our suggestions would be to demonstrate the presence of large amounts of alkanes 

in prebiologic times. 

WlLSOY'S experiments (1960) upon electric discharge synthesis of hydrocarbons 

from reactant mixtures of CH4, HOH, and H2 demonstrate that alkanes up to C20 
can be easily formed under assumed prebiologic conditions. 

TABLE II 
Effects of lowered PO4 = and Mg ++ concentrations 

M concentration of: 

Experiment n-hexadecane PO4 = 

I 0.014 0.04 

II 0.014 0.02 

lII 0.014 0.01 

Mg ++ Product 

0.004 white powder, spherules, 
density 1.2-1.25 

0.002 white powder, spherules, 
density 1.0-1.15 

0.001 white powder, spherules, 
insufficient material 
for density determination 

0.0005 same as III except very 
low yields 

IV 0.014 0.005 

In addition to this mode of hydrocarbon formation, a second, perhaps coincident, 

source is hydrocarbons derived from carbides and water during the early stages of 

formation of this planet. ANDERS (1961, 1962) provides some evidence in favor of 

this suggestion which was originally put forth by BERTI4~LOT (1886) to account for 

the genesis of petroleum (MENDELEJEFF, 1877; MOISSAN, 1896). 

Mechanisms do exist which appear sufficient to provide hydrocarbons for the forma- 

tion of prebiologic membranes similar to those investigated here. The existence of 
some alkanes in the prebiologic environment is a logical presumption. 

The significance of the membranous spherules is clear: a phase separation delinea- 
ing interior from exterior has been created. Phase separation in an Oparin ocean 

subjected to u.v. irradiation can lead us to the stage where we can profitably investigate 

events at the next hierarchical stage beyond the synthesis of low molecular weight 
compounds. 
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