
F O R M A T I O N  A N D  C A T A L Y T I C  A C T I V I T Y  O F  H I G H  M O L E C U L A R  

W E I G H T  S O L U B L E  P O L Y M E R S  P R O D U C E D  BY H E A T I N G  A M I N O  

A C I D S  IN A M O D I F I E D  SEA M E D I U M  

HIROYUKI OKIHANA 

St. Marianna University School of Medicine, Sugao, Takatsu-ku, Japan 

(Received 28 October, 1981; in revised form 1 March, 1982) 

Abstract. Eighteen protein amino acids with milk casein composition were heated in a modified sea 
medium. 

Marigranules were formed in the precipitates and soluble polymers were formed in the supernatant. 
Time course of the reaction (ultraviolet spectra, the concentration of metal ions, and the concen- 

tration of amino acids in the supernatant) were measured. The time course of the formation of the 
soluble polymers was also studied by Bio-Gel P-2 column. 

High molecular weight soluble polymers (HMWSP) were separated from low molecular weight ones 
by dialysis. It was shown that these polymers catalyzed the dehydrogenation of NADH. These 
polymers also catalyzed the coupled reaction between dehydrogenation of NADH and reduction of 
resazurin. This coupled reaction was accelerated by the light. 

1. Introduction 

Based on the consideration o f  the relationships o f  the composition of  metal ions between 

the present sea and the present enzyme systems, Egami proposed the hypothetical reac- 

tion condition of  primitive sea water (Egami, 1974). It has been called 'a modified sea 

medium',  in which the concentration of  six transition metal ions were 103 or 104 times 

greater and that of  sodium chloride was less than those of  the present sea. Egami and his 

coworkers have been studying the formation of  biomolecules and oriented granules 

(Marigranules) in the modified sea medium (Hatanaka and Egami, 1977; Yanagawa and 

Egami, 1977; Okihana, 1979). 

It is now generally accepted that small biomolecules such as amino acids, bases, sugars, 
and lipids had formed on the primitive Earth (Calvin, 1969; Ponnamperuma, 1972). They 

accumulated in the primitive sea, where the first life probably originated (Sagan, 1961). 

Based on these two assumptions, namely (1) the modified sea medium has the same 

characteristics as the primitive sea and (2) the presence of  amino acids in the primitive 

sea, we have been studying the formation and characteristics of  soluble polymers (Oki- 

hana and Egami, 1979). This paper presents the time course of  the thermal reaction of  

eighteen amino acids in the modified sea medium and the catalytic activities of  the high 

molecular weight soluble polymers (HMWSP) formed by the thermal reaction. 
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2. Materials and Methods 

2.1. REACTION MIXTURE 

Modified sea medium was composed of 10ram each of MgSO4, CaCI: and K2HPO4, 

and 0.1 mM each of Fe(NO3)3, Na2MoO4, ZnC12, Cu(NO3)2, COC12 and MnC12, and 
1 wt% of amino acid mixture. The value of pH was adjusted to 5.2 by addition of NaOH. 

The solution was sterilized by filtration through 0.2 #m millipore filter membrane (Poly- 

carbonate membrane, d = 47 ram, Nucleopore Corp.). Air was substituted by nitrogen gas. 

2.2. AMINO ACIDS MIXTURE 

Eighteen amino acids (generally occurring protein amino acids except asparagine and 
glutamine) were mixed in a ratio of milk casein: Ala 2.7, Arg 3.6, Asp 5.6, (Cys-)2 0.3, 
Glu 20.5, Gly 1.8, His 2.6, Ile 5.7, Leu 8.8, Lys 7.1, Met 2.9, Phe 5.0, Pro 10.7, Ser 5.5, 
Thr 3.9, Trp 1.3, Tyr 5.5 and Val 6.4 wt%. 

2.3. REACTION CONDITIONS 

Two liters of the reaction mixture contained in a glass vessel with reflux was given an oil 

bath at 105 ~ C. The end of reflux was sealed with mercury. An aliquot of the reaction 
mixture was taken out through a side cock at intervals for analysis. 

The reaction mixture was heated for 6 weeks at 105 ~ C. Hydrolysis was done with 

6 N HC1 at 110~ for 24 hr. Amino acid analysis was carried out by Durrum Model 

D-500.  

The concentrations of metal ions were measured by Varian AA-175 Atomic Absorp- 

tion Spectrophotometer. 

Ultraviolet and visible absorption spectra were taken by Cary Spectrophotometer 

Model 17 and Gilford Model 2400-2.  

2.4. FRACTIONATION OF POLYMERS 

An aliquot of the samples were charged on Bio-Gel P - 2  column (d = 1.2 cm, 1 = 50 cm). 

They were eluted by 0.01 M NHaHC03 (pH = 8.0 +- 0.5) with the flow rate of 8 ml/h. 

Absorbances of the elutants at 275 nm were measured by Cary Spectrophotometer Model 

17. 

2.5. SEPARATION OF HMWSP 

The reaction was stopped after 6 weeks of heating. After cooling the mixture, the soluble 
fraction was separated from the precipitates by low-speed centrifuge (3000 rpm, 10 rain) 
at 4 ~ C. The supernatant was dialyzed against 100 times volumes of the distilled water. 
After dialyzing four times, the undialyzable fraction was lypholyzed and was used as high 
molecular weight soluble polymers (HMWSP). 

2.6. DEHYDROGENATION AND REDUCTION REACTIONS 

The dehydrogenation of NADH or coupled reaction between NADH and resazurin were 
carried out in 3 ml quartz cells and absoptions at 340 nm or those at 340 nm and 600 nm 
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were measured. Each of the experiments was composed of four cells: (1) with buffer 
only as a blank to test instrumental error, (2) with NADH solution only, (3) with NADH 

and bovine serum albumin and (4) with NADH and HMWSP. Each cell was sealed and 

fixed in the cell holder during the measurements. Absorbances were automatically mea- 
sured by Gilford Spectrophotometer Model 2400-2.  To detect small changes in the high 
absoption range, both zero control in the console and recorder offset in the sample han- 
dling system were used. Each of the experimental conditions is described in the corre- 
sponding figure caption. To avoid contamination, one drop of chloroform was added to 
the system. 

3. Results and Discussion 

3.1. TIME COURSE OF REACTION 

After heating for 0 hour (h), 8 h, 24 h, 1 week (w) 2 w, 3 w, 4 w and 5 w, an aliquot of 

the reaction mixture was removed by suction through the side cock of the reaction vessel. 
The solution was clear before heating. After heating for 1 week, precipitates began to 

appear, and were composed of sheet-shaped and sphere-shaped Marigranules. The amount 
of Marigranules was linearly proportional to the reaction time (Okihana, 1979). 
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Fig. 1. A. The time course of  the UV-spectrum and Vis-spectrum of  the reaction mixture after heating 
for (a) 0 h, (b) 8 h, (c) 24 h, (d) 1 w, (e) 2 w, (f) 3 w, (g) 4 w and (h) 5 w. B. The difference in spectra 
of  the UV-spectrum between the original mixture (0 h) and those after heating for (a) 8 h, (b) 24 h, 

(c) 1 w, (d) 2 w, (e) 3 w, (f) 4 w and (g) 5 w. 
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The reaction mixture changed its color by heating from transparent to dark brown via 

yellowish color. The original solution had an absorption maximum near 280 nm due to 

Trp, Tyr and Phe. This UV-spectrum gradually changed to a gently sloped one (Figure 

1A). The difference spectra was calculated by comparing each new spectrum with the 

original (0 h), and had a maximum near 295 nm and a minimum near 280 mm (Figure 1 B). 

This change was mainly due to the decrease in the concentration of tyrosine and tryp- 

tophan in the supernatant (Table I(a). 

Concentrations of each of the metal ions in the supernatant were measured by using 

atomic absorption methods. The potassium ion was most abundant and had an almost 

constant value during the reaction (20 raM). Concentrations of the other metal ions were 

recalculated with reference to the potassium ion and results are shown in Figure 2. Among 
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Fig. 2. The time course of each of the metal ions in the supernatant. The concentration of potassium 
represents the standard used (20 mM) with magnesium and calcium represented by open squares and 
circles, respectively. The vertical scale in the left side should be used for Mg and Ca. The concentra- 
tions of copper and manganese are represented by closed triangles and circles, respectively. The 

vertical scale on the right side should be used for Cu and Mn. 

the major ions, the concentration of magnesium was constant during the reaction and 

that of calcium showed little decrease. Because the reaction mixture contained many 

kinds of anions such as PO~- or CO32-, the solubility of the calcium ion was low and was 

saturated in the mixture during the reaction. Among the six transition metal ions, the 

concentrations of copper, manganese and iron were measured. Copper ion decreased its 

solubility during the first week of heating. It is noteworthy that this period was the same 

as that of the appearance of the precipitates. After 1 week of heating, the concentration 

of copper ion was almost constant. Since iron did not show any detectable values in these 

samples, the concentration of iron ion was less than 0.01 mM. This would be due to pre- 

cipitation with anions such as PO43- or OH- in the mixture. The time course of the man- 
ganese ion showed almost the same behavior as that of calcium with its concentration 

reduced by about half after heating 5 weeks. 
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The time course of the concentrations of each amino acid in the supernatant was 
studied by using an amino acid analyzer before and after hydrolysis. The value of each 
amino acid is shown with reference to that of valine (Table I). Decreases due to thermal 
reactions were seen in the concentrations of Thr, Ser, Glu, Met, Tyr, Phe, His, Lys and 
Arg, especially in Glu, Met and His (Table l(a)). After hydrolysis, His was not recovered, 
Met about 50% and Glu was completely recovered (Table Ib). Methionine is easy to de- 
compose by heating. Therefore, by heating for 5 weeks most of the histidine and approx- 
imately half of the methionine was thermally decomposed�9 In addition most of the 
glutamic acid and about half of methionine was incorporated into soluble polymers. 
Other amino acids decreased to some extent by heating. 
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Fig. 3. The elution patterns of  the supernatant of  the reaction mixture after heating for (a) 0 h, (b) 8 h, 
(c) 24 h, (d) 1 w,  (e) 3 w and (f) 5 w. After being charged on the B i o - G e l  P - 2  column, they were eluted 
by 0.01 M NH 4 HCO 3 (pH = 8.0 -+ 0.5) and the absorbanee of  the elutants at 275 nm were measured. 



HIGH MOLECULAR WEIGHT POLYMERS 159 

An aliquot of supernatant of each sample was then studied with a N o - G e l  P - 2  

column. Three main peaks and one shoulder were seen in the polymer fraction, namely in 

the range of elution number between 25 and 45 (Figure 3). These were named F1, F2, 

F3 and F4 in order of their elution time (Figure 3 0.  F1 was eluted at the position of void 
volume, so that its molecular weight was more than 2000. FI and F2 were eluted closely, 

but they were clearly distinguished by their absorption spectra. F2 had an absorption 

maximum near 330 nm but F1 did not. Other fractions also did not have an absorption 

maximum near 330 nm. Analysis of these fractions following hydrolysis showed that the 

F2 and the F3 polymers were mainly composed of Glu and 1/10 times amounts of 

Asp. In addition, they also contained small amounts of Thr, Ser and His: [F2] Glu 901, 
Asp 87; IF3] Glu 822, Asp 89, Thr 72 (per 1000 res.). Amounts of each of these frac- 

tions increased with total amounts increasing up to 50% after heating 5 weeks. Tile 
amounts of low molecular weight fractions (in the range of elution number after 50) 
decreased by heating. The decrease in f7 was most. This fraction proved to be tryptophan 

by W-spectrum and comparision of the elution time with an authentic one. 

3.2. DEHYDROGENTATION REACTIONS CATALYZED BY THE HIGH MOLECULAR WEIGHT 
SOLUBLE POLYMER FRACTIONS (HMWSP) 

HMWSP was eluted only at the void volume position by the Bio-Gel P - 2  column (Figure 

4), suggesting that its molecular weight was greater than 2000. Its yield was 0.74 wt% of 

the amino acids which were originally added to the medium. The total quantity of protein 

amino acids was about 5 wt% of the HMWSP which consisted of C 29; H 4; N 5; and ash 

32 wt%. The absorption spectrum was a gently-sloped one in both the UV and the Vis 

regions. Some peaks in IR region and excitation and emission spectra were seen (Okihana 
and Egami, 1979). 
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The elution pattern of the high molecular weight soluble polymers fraction. The elution con- 
dition was the same as shown in Figure 3. 
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Fig. 5. Dehydrogenation of NADH by changing the concentrations of NADH. The concentrations of 
NADH were (a) 0.10, (b) 0.20, (c) 0.30, (d) 0.40 mM. Each experiment was composed of 20/~g/ml 
of HMWSP and NADH ( - O - � 9  20 /~g/ml of BSA and NADH (-A-/X-); NADH only (-V-V-); 

or buffer only ( - O - D - ) .  The system contained 0.05 M of sodium phosphate buffer (pH 7.2). 

Dehydrogenation of  NADH was studied with variable concentrations of  NADH (Figure 

5). Bovine serum albumin was used as a control polymer. Each reaction rate was linearly 

increased by increasing the concentration of  NADH. As the observed absorbance range 

was very small, a spontaneous decrease of  NADH was observed. In each case dehydrogena- 

tion of  NADH was little accelerated with BSA but was accelerated with HMWSP. 

The reaction was studied at the fixed concentration of  NADH (0.30 raM) with variable 

HMWSP concentrations. Dehydrogenation was accelerated more by the addition of  a 

higher concentration of  HMWSP (Figure 6). The degree of  acceleration was in proportion 

to the amount of  HMWSP. 

To see the effect of  a dissolved oxygen in the reaction solution, reaction mixtures were 
bubbled with nitrogen gas after three hours. Oxygen did not affect the dehydrogenation 
rate of  NADH (Figure 7). Therefore oxygen is not a hydrogen acceptor in this reaction. 
This conclusion is also supported by another experiment using the oxygen electrode. The 
concentration of  oxygen in the reaction mixture did not decrease during the reaction. 
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Fig. 6. Dehydrogenation of NADH with variable concentrations of HMWSP. Concentration of NADH 
was 0.30 mM in the sodium phosphate buffer (0.05 M, pH 7.2). The concentrations of HMWSP were 

(a) 0, (b) 9, (c) 19 and (d) 46/~g/ml. 
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Fig. 7. Dehydrogenation of NADH under the air or the nitrogen gas. After a reaction time of three 
hours, the reaction mixture was bubbled with nitrogen gas. The concentration of NADH was 0.30 mM 

in the sodium phosphate buffer (0.05 M, pH 7.2), and those of HMWSP were (a) 0 and Co) 46 flg/ml. 
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HMWSP did not accelerate the coupled reaction between the dehydrogenation of 

NADH and a reduction of methylene blue, but did accelerate the coupled reaction between 
the dehydrogenation of NADH and a reduction of resazurin (Figure 8). This coupled reac- 

tion proceeded without HMWSP, and was accelerated by the addition of HMWSP. More 

precise study will be done to clarify whether HMWSP is one of the constituent parts of 
the electron transfer chain (NADH -* HMWSP --> resazurin) or whether HMWSP serves 

as the catalyst in the coupled reaction between NADH and resazurin. 
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Fig. 8. Coupled reactions between dehydrogenation oENADH and reduction of resazurin with variable 
HMWSP concentrations: (a) 0, (b) 9 and (c) 19 ~g/ml. The concentrations of NADH and resazurin 

were 0.20 mM and 6 tzg/ml in the sodium phosphate buffer (0.05 M, pH 7.2). 

It was also shown that this coupled reaction was accelerated a several hundred times 

more by the irradiation of Xenon lamp. 
The dehydrogenation reaction is a very important reaction to acquire energy for living 

systems. At some stage of chemical evolution a primitive energy transfer system must 
have been formed. It is said that hundreds of  compounds had accumulated in the primitive 
sea (a primordial soup). NADH and resazurin were used in this study because they were 
easily available in the laboratory. Any substances in the primordial soup could have been 

used if these oxidation-reduction potentials are the same value as NADH and resazurin. 
PrebioticaUy-formed polymers like HMWSP might have used these compounds to get 

energy. Of further interest to chemical evolution is the fact that the coupled reaction was 

enhanced by light. 
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