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Summary. The formation of  glycerol occurs when a solution of DL-glyceralde- 
hyde is heated in the presence of  hydrogen sulfide at room temperature. DL- 
glyceraldehyde and dihydroxyacetone treated with hydrazine, as well as DL- 
glyceraldehyde incubated with formaldehyde are also partially converted to 
glycerol. The yields of  the above reactions are from approximately 1% to about 
3%. The formation of  glycerophosphates occurs when glycerol is heated with 
ammonium dihydrogen phosphate and either urea or cyanamide. The yield 
of glycerophosphates is about 30%, most of which is sn-glycero-1 (3)-phosphate. 
These findings indicate that glycerol and sn-glycero-3-phosphate, which are 
moieties of glycerolipids, could have been formed under conditions which may 
have prevailed on the primitive Earth. 
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1. Introduction 

One of  the fundamental requirements for the evolution of the first cellular organism 
would be the formation of a plasma membrane. In present day organisms this mem- 
brane is composed of  a phospholipid bilayer with associated protein. It is therefore 
of  importance to understand the mechanism for the synthesis of phospholipids on the 
prebiotic Earth and how these molecules interacted with simple peptides to form a 
semipermeable vesicle. The primitive membranes of  such vesicles would have protected 
the evolving macromolecules inside from adverse environmental influences while al- 
lowing limited access to the simple molecules being synthesized on the outside. 

In our investigations of  this critical phase of  chemical evolution (Ord et al., 1978), 
we have shown how acylglycerols (Eichberg et al., 1977) and phosphatidic acids (Epps 
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et al., 1978) may have been synthesized on the primitive Earth. At the time this work 
was done no one had reported on the abiotic synthesis of glycerol or glycerophosphate. 
In this paper we show that various prebiotic reducing agents including hydrogen sulfide, 
hydrazine and formaldehyde are capable of reducing DL-glyceraldehyde or dihydroxy- 
acetone to glycerol and that glycerol is readily phosphorylated by well established 
abiotic phosphorylation procedures (Lohrmann and Orgel, 1971; Schwartz, 1972). 

2. Experimental 

2.1. Materials 

Dihydroxyacetone (Sigma), DL-glyceraldehyde (Sigma), formalin (37% formaldehyde 
solution) (Fisher Scientific Co.), hydrazine (Eastman Chemicals), hydrogen sulfide 
(Air Specialty Products), Sigma-Sil-A (Sigma), glycerol kinase (Worthington), bovine 
serum albumin (Sigma), and 32p-orthophosphoric acid (New England Nuclear) were 
used for synthesis and identification of glycerol. 2-14C-glycerol (specific activity 
14/aCi/g mole, New England Nuclear), cyanamide (Eastman Chemicals), urea (Schwarz 
Mann) and imidazole (Eastman Chemicals) were used for the synthesis of glycerophos- 
phates. Authentic cyclic glycerophosphate (sn-glycerol-2,3(1,2)-cyclic phosphate) 
was synthesized according to Lapidot et al. (1969). All solvents and chemicals were 
reagent grade. 32p-ammonium dihydrogen phosphate was prepared by adding 32p_ 
phosphoric acid to a solution of monobasic ammonium phosphate and neutralizing 
with a stoichiometric amount of ammonium hydroxide. 

2.2 Cbromatograpbic Procedures 

Aliquots (0.1--0.2 ml) of reaction products to be examined by gas chromatography 
and combined gas chromatography-mass spectrometry, were evaporated to dryness 
under nitrogen and the residue shaken with 0.3 ml Sigma-Sil-A (trimethylchlorosilane- 
hexamethyldisilazinepyridine 1:3:9) for 10 rain at room temperature. The excess of 
derivatizing reagent was removed under a stream of nitrogen and the trimethylsilyl 
derivatives were taken up in 0.3 ml hexane. 

Paper chromatography was performed on Whatman No. 1 paper impregnated with 
borate. This paper was prepared by applying a 3 cm band of 0.4 M boric acid to the 
origin area of the paper and drying before use. The paper was subsequently developed 
using solvent system 1 : Isopropanol-ammonia-water (70:10:20, v/v). Electrophoresis 
was performed on Whatman No. 43 paper using buffer system 1: water-pyridine-glacial 
acetic acid (89:1:10, v/v), pH 3.5. Phosphate-containing compounds on paper chro- 
matograms or electrophoretograms were located by spraying according to Hanes and 
Isherwood (1949). 

2.3 Analytical Procedures 

Gas chromatography was performed on a Varian 1200 FID gas chromatograph using 
a 1.8 m x 0.4 cm i.d. stainless steel column packed with 3% methylphenylsilicone 
on diatomaceous earth. A LKB 9000 gas chromatograph-mass spectrometer combina- 
tion was also employed using a 10 m x 0.01 cm i.d. glass capillary column coated with 
methyl silicone. For radioactivity measurements, strips from paper chromatograms 
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or electrophoretograms were counted in toluene scintillation fluid using a Packard liquid 
scintillation spectrometer Model 3380.. 

2.4 Synthetic Procedures 

(i) Reduction of DL-Glyceraldebyde with Hydrogen Sulfide. DL-glyceraldehyde 
(0.1 mmoles) was dissolved in 20 ml water and the resulting solution heated to 85oc 
under reflux for 16 h. Hydrogen sulfide gas was bubbled continuously through this 
solution. A control reaction omitting hydrogen sulfide was also performed. On com- 
pletion of the reaction the water was removed in vacuo at room temperature and the 
residue dissolved in 5 ml methanol. Aliquots (0.2 ml) were derivatized for gas chro- 
matography and gas chromatography-mass spectrometry as described in Section 2.2. 

(ii) Reduction of DL-Glyceraldehyde or Dihydroxyacetone with Hydrazine. DL-gly- 
ceraldehyde or dihydroxyacetone (4.49 mmoles) was dissolved in 10 ml water and 
hydrazine (12.6 mmoles) was added. The solution (pH 8.2) was stirred at 30 -31oc  
and samples (0.1 ml) were withdrawn periodically for derivatization and analysis by 
gas chromatography and gas chromatograhy-mass spectrometry. 

(iii) Reduction of DL-Glyceraldehyde with Formaldehyde. DL-glyceraldehyde 
(2.23 mmoles) was dissolved in 5 ml water and formaldehyde (4.93 mmoles) and calcium 
hydroxide (4.59 mmoles) were added. The reaction mixture was stirred at 30-3 loC. 
The initial pH was 12.5, but had dropped to 7.5 by the end of the reaction. Samples 
(0.1 ml) were withdrawn periodically for derivatization and analysis as previously 
described. 

(iv) Phosphorylation of Glycerol. Aqueous solutions (0.2 ml) containing glycerol 
(5 #moles) and 32P-ammonium dibydrogen phosphate (5 or 15 #mole, specific activity 
98 biCi/bimole) or 14C~glycerol (5 bimole, specific activity 0.05 biCi/bimole) and am- 
monium dihydrogen phosphate (15 #mole) were prepared. To these solutions were 
added urea (50 bimoles) or urea (50 bimoles) and NH4C1 (50 bimoles) or cyanamide 
(50 bimoles). A control mixture omitting the condensing agents was also prepared. 
The solutions were evaporated under nitrogen to dryness and subsequently heated for 
16 h at 85oc. On completion of the reaction, the products were dissolved in 1.0 ml 
80% ethanol and aliquots of these solutions analyzed by cochromatography or co- 
electrophoresis with appropriate standards. 

2.5 Enzymatic Phosphorylation of  Synthetic Glycerol 

The putative glycerol (50 nmoles), synthesized by reaction of DL-glyceraldehyde with 
hydrogen sulfide, was incubated with 3,32-p-ATP (8 bimoles), magnesium chloride 
(8 bimoles), bovine serum albumin (50 big), fl-mercaptoethanol (16 bimoles), Tris-HCl 
buffer (20 bimoles, pH 8.5), glycerol kinase (5 big) in a final volume of 0.4 ml for 2 h 
at 37oc (Chang and Kennedy, 1967). The 3,32-p-ATP was prepared by a modifica- 
tion of the method of Schendel and Wells (1973). A control reaction was also perform- 
ed using authentic glycerol (5//moles) and the other ingredients increased by a factor 
of 1.50. The reaction was terminated by chilling in ice and the mixture immediately 
applied to a 2 x 8 cm Dowex-l-formate (100--200 mesh) column. The column was 
eluted with 50 ml water followed by a continuous gradient starting with 300 ml water 
in the mixing chamber and 300 ml 4 M formic acid in the reservoir. Fractions (8 ml) 



238 D.E. Epps et al. 

were collected at a flow rate of 1,5 ml per min. When aliquots were counted to locate 
32p-containing compounds, only a single radioactive peak was detected. The radio- 
active fractions were evaporated to dryness in vacuo at 10°C, the residue dissolved in 
2 ml water, neutralized with ammonia and diluted with 3.5 ml 0.1 M Tris-HC1 buffer, 
pH 5.2. The solution was shaken with activated charcoal (50 mg), centrifuged, and 
the charcoal washed with the Tris-HCl buffer. The supernatants and washings were 
neutralized with ammonia and made up to 10 ml with water. Aliquots of these solu- 
tions were co-electrophoresed in a buffer system with authentic standards. The elec- 
trophoretograms were sprayed to locate P-containing compounds and strip counted 
to locate radioactive products. 

3. Results  and Discuss ion  

3.1 Synthesis of Glycerol 

Gas chromatographic analysis of the products obtained from the reaction of DL-glyc- 
eraldehyde with hydrogen sulfide revealed the presence of a compound with the same 
retention time as an authentic sample of tris-(trimethylsilyl)-glycerol (Fig. 1, peak a). 
Other silylated compounds with longer retention times (not shown) were formed and 
were presumably polymers of  glyceraldehyde. The mass spectrum of peak a and that  
of standard tris-(trimethylsilyl)-glycerol is shown in Fig. 2. Although a molecular ion, 
m/e 306, was not present, these two spectra were identical except for slight differences 
in ion intensities. The yield of glycerol was estimated to be 1%. Low yields of glyc- 
erol were also obtained when DL-glyceraldehyde or dihydroxyacetone were treated 
with hydrazine, with product  formation reaching a maximum of 3% after a 4 day in- 
cubation period. The reduction of glyceraldehyde with formaldehyde also gave ap- 
proximately 1% yield of  glycerol. Although the initial pH of  this reaction mixture 
(pH = 12.5) was higher than generally accepted as prevailing on the primitive Earth, it 
became essentially neutral (pH = 7.5) at the end of the reaction. This neutralization 
can also be expected to have occurred on the primitive Earth by the base-catalyzed 
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Fig. 1. Gas chromatogram of 
the products from the reaction 
of DL-glyceraldehyde with hy- 
drogen sulfide. The product 
represented by Peak a had the 
same retention time as authen- 
tic tris-(trimethylsilyl) -glycerol 
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Cannizzaro disproportionation of aldehydes into acids and alcohols. Control reactions 
indicated that glycerol was not a contaminant in the DL-glyceraldehyde or dihydroxy- 
acetone used in these experiments. 

When the putative glycerol obtained from the reduction of DL-glyceraldehyde with 
hydrogen sulfide was incubated with 3,-32p ATP and glycerol kinase, 75% of the re- 
duction product was converted to a compound which had the same electrophoretic 
mobility as an authentic sample of glycerophosphate in buffer system 1. Authentic 
glycerol was converted in 53% yield to glycerophosphate in the enzymatic reaction. 

These results show that a variety of  reducing agents, namely hydrogen sulfide, 
hydrazine and formaldehyde, all compounds assumed to have been present on the 
primitive Earth, can reduce either DL-glyceraldehyde or dihydroxyacetone to glyc- 
erol. The yields obtained from these reactions were low, but not unreasonably so 
for reactions conducted under primitive Earth conditions. 

3.2 The Synthesis of Glycerophosphates 

The Rf values and electrophoretic mobilities.2 of _glycerol-containing_ standards are shown 
in Table 1. After heating glycerol and 5 P-ammonium dihydrogen phosphate with 
urea or cyanamide, radioactive compounds which chromatographed on borate-im- 
pregnated paper with sn-glycero-l(3)-phosphate, glycero-2-phosphate and cyclic 
glycerophosphate were obtained. The yields of glycerophosphates are given in Table 
2. Appreciable formation of glycerophosphates occurred in the presence of either 
urea or cyanamide and was highest when a three-fold excess of  ammonium dihydrogen 
phosphate was added (reaction series B). The greatest yield of  combined glycero- 
phosphates (at least 33%) was obtained with either cyanamide or with a mixture of 
urea + NH4CI. Thus, for example, the addition of the three products of  experiment 
4B in Table 2 (1.45 pmole I(3)GP + 0.03/~mole 2GP + 0.39 pmole cGP), is equivalent 
to a yield of 37.4% not corrected for the loss experienced through recovery. The bulk 
of the incorporated radioactivity was found in sn-glycero-l(3)-phosphate and the re- 
mainder was distributed in glycero-2-phosphate and cyclic glycerophosphate. The 
highest amounts of cyclic glycerophosphate were formed in the presence of cyanamide. 
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Table 1. Values and electrophoretic mobilities of standard compounds 

Compound Chromatography on Electrophoresis 
borate impregnated buffer, pH 3.5 
paper 

sn-glycero-1 ( 3)-phosphate 0.19 0.85 
glycero-2-phosphate 0.30 0.85 
inorganic phosphate 0.09 1.00 
cyclic glycerophosphate 0.72 1.00 
glycerol 0.00 0.00 

Chromatography and electrophoresis were performed in solvent systems de- 
scribed in the text 

Table 2. Synthesis of glycerophosphates from glycerol and phosphate 

Reaction Glycerol + Yields of reaction products (in micromolecules) 
series 32pi 

Unreacted Pi 1(3) GP 2 GP cGP 
A or B and 
Experiment Addition A B A B A B A B 
No. 

1. none 4.98 13.53 0.02 0.14 N.D. 0.01 N.D. 0.09 
2. urea 4.71 11.10 0.07 0.65 0.02 0.35 0.05 0.23 
3. urea + 

NH4CI 4.54 9.90 0.32 1.32 0.05 0.14 0.03 0.19 
4. cyanamide 3.93 9.00 0.50 1.45 0.06 0.03 0.07 0.39 
5. imidazole 4.95 14.21 0.01 0.13 N.D. 0.02 N.D. 0.03 
6. cyanamide + 

imidazole 4.27 9.32 0.50 1.31 0.07 0.02 0.05 0.35 

A: All the experiments (1 to 6) in this reaction series contained 5 ~moles glycerol and 5/amoles 32p. 
ammonium dihydrogen phosphate. Recoveries of radioactivity were 91-99%. 

B : All the experiments (1 to 6) of this reaction series contained 5/~moles glycerol and 15/zmoles P- 
ammonium dihydrogen phosphate. Recoveries of radioactivity were 72-91%. 

Other additions were made as indicated in the Table in 50 ~mole amounts. All the reaction mixtures 
were heated for 16 h at 85°C, and the reaction products separated by chromatography on borate- 
impregnated paper. See text for further details, 

Pi = unreacted inorganic phosphate; I(3)GP = sn-glycero-l(3)-phosphate; 2GP = glycero-2-phosphate; 
cGP = cyclic glycerophospbate; N.D. = Not detected 

Almost  identical  expe r imen t s  (not  shown in Table 2) were pe r fo rmed  using 14C- 
glycerol as radioact ive precursor  under  the  condi t ions  of  a three-fold  excess of  non-  

radioactive inorganic phospha te  and the  p roduc t s  separated by high voltage electro-  

phoresis.  In this case in the  presence of  cyanamide ,  16.6% and 4.7% of  the  label were 

f o u n d  in monoes te r i f i ed  g lyce rophospha tes  and cyclic g lyce rophospha te ,  respect ively,  

w i thou t  correc t ion  for  recovery losses. When urea was added,  the  cor responding  yields 

were  25.7% and 2.3%. 
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In summary, these findings indicate that glycerol can be phosphorylated in signifi- 
cant yields (from 21.3% to 37.4%, without counting recovery losses) under evapo- 
rating conditions in a reaction dependent on a suitable condensing agent, namely urea, 
urea + NH4CI, or cyanamide. In all cases sn-glycero-l(3)-phosphate is the major prod- 
uct formed. 

4. Conclusion 

In this paper we have shown the synthesis of both glycerol and sn-glycero-1 (3)-phos- 
phate under conditions which may have occurred on the primitive Earth. These re- 
suits are significant when considered in conjunction with our earlier work on the 
synthesis of acylglycerols (Eichberg et al., 1977) and phosphatidic acids (Epps et al., 
1978). The formation of lipids, particularly phospholipids, would have been of funda- 
mental importance in the evolution of lipid membranes and the self-assembly of the 
first cellular organism (Or6 et al., 1978). 
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