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SUmmary. The formation of lactate from glyceraldehyde 
is catalyzed by the thiol, N-acetylcysteine, at ambient 
temperature 
The rate of in aqueous sodium phosphate (pH 7.0). 

lactate formation is more rapid at higher 
C~ of sodium phosphate and is essentially 
the Same in the presence and absence of  oxygen. The 
formation of lactate is efficient, but proceeds slowly 
With an 8.8% yield of lactate after 16 days from 10 mM 
glyeeraldehyde in the presence of 12.5 mM N-acetyl- 
eYsteine and 500 mM sodium phosphate (pH 7.0). The 
f~ of glycerate from glyceraldehyde, that occurs 
la the presence of oxygen and to a small extent when 
• has been removed, is also catalyzed by the thiol, 

t:'acetylcysteine' under the same conditions. The drama. 
~e increase in the rate of glycerate formation that is 
~ about by the thiol, N-acetylcysteine, is accom- 
Panied by an equally dramatic decrease in the rates of 
Production of  glycolate and formate. Presumably, the 
thiol-dependent formation of lactate and glycerate oc- 
Ctlrs Via their respective thioesters. The significance o f  
these reactions to molecular evolution is discussed. 

Key Words: Glyceraldehyde - Intramolecular - Rear- 
rangement _ Lactic Acid - Oxidation - Glyceric acid - 
I~rebiotic 

l~trQduction 

Laetoyl thioesters have been shown to form readily from 
PYruvaldehyde and a thiol in aqueous sodium phos- 
phate (Weber 1982a; Hall et al. 1978). Since Riddle and 

urenz (1968) and Fedoronko and Konigstein (1969) 

gbbreviations: Ac-Cys, N-acetylcysteine; Ac-Cys(Lac), N-acetyl- 
"laCtoYleysteine 

had reported that phosphate catalyzed the formation of 
pyruvaldehyde from glyceraldehyde in aqueous solution, 
it was reasonable to expect the formation of lactoyl 
tttioester from glyceraldehyde in the presence of a thiol 
and phosphate. We now report the formation of lactate 
from glyceraldehyde that is catalyzed by the thiol, N- 
acetylcysteine, in aqueous sodium phosphate (pH 6 .5 -  
7,0). Lactate formation presumably occurs via the 
"energy-rich" thioester intermediate, N-acetyl-S-lactoyl- 
cysteine. The thiol, N-acetylcysteine, was also found to 
catalyze the formation of glycerate from glyceraldehyde 
in oxidation reactions carried out with oxygen. 

N-acetylcysteine was selected as the thiol in our reac- 
tions because it resembles a cysteine residue in a prebio- 
tic peptide and cysteine (cystine) has been synthesized 
under prebiotic conditions (Sagan and Khare 1971; 
Hong and Becker 1979). The prebiotic formation of 
glyceraldehyde is thought to have occurred by the 
oligomerization of formaldehyde (Gabel and Ponnam- 
peruma 1967; Reid and Orgel 1967; Mizuno and Weiss 
1974). Formaldehyde has been produced under presum- 
ed prebiotic conditions (Garrison et al. 1951; Miller 
1957; Getoff et al. 1960; Hubbard et al. 1971 ; Bar-Nun 
and Hartman 1978). 

Lactoy] and acetyl thioesters (Weber 1981a, 1982a) 
may have provided the energy needed for the synthesis 
of phosphoanhydrides, which acted as phosphorylating 
and condensing agents in the prebiotic environment. 
Acetyl thioester has been shown to act as a condensing 
agent for the synthesis of phosphoanhydrides, like pyro- 
phosphate, tripolyphosphate and phosphorylimidazole 
(Weber 1981b). Acetyl thioester has also been shown 
to provide the energy for the synthesis of pyrophosphate 
on hydroxyapatite, an abundant phosphate mineral 
(Weber 1982b). Earlier studies of the prebiotic forma- 
tion of phosphoardaydrides have employed thermal 
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m e t h o d s  or chemica l  c o n d e n s i n g  agents ,  o t h e r  

th ioes te r s  (Weber 1 9 8 2 b  and  re fe rences  the re in ) .  

than 

Experimental 

Materials. N-acetyl-L-cysteine, 2,2'-dithiobis-(5-nitropyridine), 
D-glyceraldehyde, pyruvic acid (sodium salt), DL-glyceric acid 
(hemi-caleium salt), pyruvaldehyde (methylglyoxal, 40% aque- 
ous solution), fl-D(-)fructose, L(-)sorbose, dihydroxyaeetone, 
and hydrazine sulfate (0.56 M solution (pH 8.6)) were obtained 
from Sigma Chemical Co.; anhydrous oxalic acid from Aldrich 
Chemical Co.; 2,4-dinittophenyihydrazine and methyl red from 
Matheson, Coleman and Bell; lactic acid from J.T. Baker Chemi- 
cal Co.; glycolic acid from Fisher Scientific Co.; formic acid 
from Eastman Kodak Co.; lead tetraacetate from MaUinckrodt; 
D-[UL-14Clfructose, DL-[l-14CIlactic acid (sodium salt)and i l- 
14Clglycerol from Amersham; [14Clformic acid (sodium salt) 
from ICN chemical and radioisotope division; [2-14Clpyruvic 
acid from New England Nuclear. 

The D-glyceraldehyde was purified by thin-layer chxomato- 
graphy by the procedure described later for D-[14Clglyceralde - 
hyde; the concentration of D-glyceraldehyde was measured by 
the method of Beck (1957). N-Acetyl-S-lactoylcysteine was 
synthesized from pyruvaldehyde and N-acetylcysteine by the 
method described in our earlier publication (Weber 1982a). 
Dendroketose was prepared as described by Gutsehe et al. 
(1967). N,N'-Diacetylcystine was available from our earlier syn- 
thesis (Weber 1981a). 

Chromatography and Electrophoresis. Paper chromatography 
was carried out by descending elution on Whatman 3 MM paper 
in System I with the upper phase from ethyl acetate, pyridine, 
water (2:1:2 v/v), in System I1 with the upper phase from n- 
butanol, formic acid, water (4:1:5 v/v), and in System 1II with 
n-propanol, coned, ammonium hydroxide (7:3 v/v). High-voltage 
paper electrophoresis in System IV used Whatman 3 MM paper 
with a 0.03 M potassium phosphate buffer (pH 7.1). Table 1 
lists the chromatographic and electrophoretic mobilities of the 
substances studied. The products formed from D-[ 14Clglyceral- 
dehyde were located by running the chromatograms and electro- 
phoretograms t ~ o u g h  a Baird RSC-363 radiochromatographic 
scanner. The areas of the paper that contained the radioactive 
products were cut out, placed in vials that contained 20 ml of 
scintillator made with Liquifluor from New England Nuclear, 
and counted in a Beckman Scintillation Counter. Reaction prod- 
ucts were identified by co-chromatography with commercially 
available radioactive and non-radioactive standards, whenever 
possible. Thiols were visualized with the 2,2'-dithiobis-(nitro- 
pyridine) spray (Grassetti and Murray 1969). Disulfides and thi- 
oesters were seen as dark spots under ultraviolet fight. Organic 
acids were detected by spraying with methyl red in a borate 
buffer (Lederer and Ledeter 1957). Pyruvaldehyde, glyceralde- 
hyde, dihydroxyacetone and sugars were visualized by spraying 
with p-anisidine (Putnam 1957). 

Preparation of  D-[14C]glyceraldehyde. D-IUL-14C]Glyceralde- 
hyde was prepared by a scaled-down version of the method 
described by Perlin (1962). D-Fructose (2.3 rag, 12.8 t~moles) 
was added to 0.25 ml of a 20% ethanol solution of D-IUL-14CI 
fructose (250 uCi, 225 mCi/mmole) and this solution dried in a 
desiccator in vacuo over phosphorus pentoxide and sodium 
hydroxide. The residue was dissolved in 2.5 t~l of water and 125 
tal of glacial acetic acid. Lead tetraacetate (82% purity, 17 mg, 
31.4 ~moles) was added and reacted with vigorous stirring for 10 
min at 1 6 -  18~ and then for 60 min at ambient temperature. A 
solution (approx. 70 ul) of 5 g of anhydrous oxalic acid in 5 ml 

Table 1. Chromatographic and electrophoretic mobilities (R m)a 

System System System System 
I lI III IV 
(Rm) (Rm) (Rm) (Rm) 

Lactic acid 1.00 1.00 1.00 1.00 
Glyceric acid 0.71 0.56 0.64 1.04 
Glycolie acid 0.74 0.82 0.77 1.21 
Formic acid 0.87 - 0.99 1.63 
Pyruvie acid 1.35 0.96 - 1.22 
Glyeeraldehyde 1.33 - - 0.05 
Dihydroxyacetone 2.47 - - 0.04 
Fructose 1.68 - - 0.05 
Sorbose 1.68 - - 0.05 
Dendroketose 2.01 - - 0.07 
Glycerol 2.18 - - 0.05 
Glycolaldehyde 1.43 - - 0.05 
Ac-Cys 1.38 - - 0.89 
Ac-Cys(Lac) 1.53 0.99 - 0.70 
N,N'-diacetyl- 
cystine 0.68 - - 1.05 
Pyruvaldehyde 3.05 - - 0.05 
Unknown-A - - - 0.77 
Unknown-B 1.99 - - - 
Unknown-C - - - 0.52 

_ . . - . - -  

a Chromatographic and electrophoretic mobilities are given 
relative to lactic acid 

of glacial acetic acid was added to the reaction mixture until a 
negative starch-iodide test was obtained. The starch-iodide test 
was carried out by adding 1 t~l of the supernatant of the reactiOg 
mixture to 5 #1 of a solution o f l %  starch and 1% KI. A negative 
test was indicated by the absence of a yellow color and no 
precipitation. 

Next, the supernatant of the reaction mixture was removed 
after centrifugation and the precipitate was washed with twice 
its volume of glacial acetic acid. The supernatant from this wasla 
was isolated by centrifugation and it was combined with the 
original supematant and dried at 35~ in vacuo. Twenty micrO" 
liters of toluene was added and removed in vacuo at 35 ~ i~ 
order to remove acetic ,~eid. This procedure was carried out fo~ 
times. The residue was taken up in 25 #1 of 0.1 M sulfuric acl 
and reacted 48 h at ambient ~.~mperature in order to hydrolYZe 
the esters of glycolic acid and formic acid. The volume of t ~  
preparation was adjusted to 0.4 ml with water and Bio-ga 
AGqX8 (200-400  mesh, bicarbonate form) resin was added ua" 
til the pH was 6.5 in order to remove acids in the preparatiO~ 
The resin was isolated by centrifugation and washed once w~ 5 
0.2 ml water. The combined supernatants were treated for '~'11 
min with 1 ~1 of Bio-Rad Chelex 100 resin (sodium form), ~vhlC 
was removed by centrifugation. The preparation was concentrat" 
ed to 0.3 ml in vacuo and applied to a Silica Gel GF preparative 
thin-layer plate (1500 micron layer) purchased from Analtecll 
Inc. The plate was developed in n-propanol : water (7:0.5 v/v), 
which separated glyceraldehyde (Re = 0 81) from dihydr oxyac~ 

" he plate tone (Rf = 0.74) and fructose (Rf = 0.61). The edges of t . . 
were cut off and the glyceratdehyde detected with the anis id~ 
spray (Putnam 1957). The region of the silica gel that co~t~ae~ 
the glyceraldehyde was scraped off the glass plate and the 
glyceraldehyde eluted with methanol. The eluent was dried i~ 
vacuo, taken up in 1.0 ml of water, and passed through a 13 r~176 
Millipore FG filter (0.2 um pore size) in a Swinnex filter aPP ~a~ 
tus. The preparation was stored at -80~ Analysis of the p r e ~  
ration by electrophoresis and chromatography showed tha~..,.r 
preparation contained impurities with electrophoretic m oh~u 
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in System IV of formic acid (0.3%), glycolic acid (1.6%), un- 
known.C (0.7%) and with chromatographic mobilities in System 
I of fructose (2.0%), dihydroxyaeetone (2.2%), unknown-B 
(1.4%). The yields of products from reactions ofglyceraldehyde 
were corrected for these impurities, except for dihydroxyace- 
tone Which is known to isomerize to glyceraldehyde. 

Reactions with D.[14 ClGlyceraldehyde. Reaction solutions were 
Prepared under a nitrogen blanket from solutions of substrates 
that had been flushed for 20 min with nitrogen in order to re- 
move OXygen. In a typical reaction, 90 ~1 of 1.0 M sodium phos- 
Phate (pH 7.0), 18/A of 0.50 M N-acetyleysteine, 36 ~1 of water, 
18 ul of 0.10 M D-glyceraldehyde and 18 #1 of D-[14Clglyceral - 
dehyde were added with gastight Hamilton syringes to a test 
tube that had been flushed with nitrogen. The resulting solution 
Was flushed 5 rain with nitrogen and then degassed in a desicca- 
tor for 5 rain at 2 mm Hg pressure. Nitrogen was admitted to the 
desiccator and the reaction solutions sterilized by Filtration 
through autoclaved Millipore FG f'tlters (13 mm, 0.2 t~m pore 
size) in Swinnex filter holders. Twenty microliter portions of 
these reaction solutions and 5 #1 of toluene were transferred with 
sterilized Drummond microcap disposable pipettes into sterilized 
reaction tubes, which were subsequently glass sealed at 1 mm Hg 
l~ressure. Some reactions were carried out without sterile precau- 
tions. Reactions with oxygen were performed by bubbling oxy- 
gen through the reaction solutions for 10 rain and sealing the 
tinaed reaction tubes under atmospheric pressure. All reactions 
~i ere carried out at ambient temperature in the dark. After a 

Yen tinae of reaction, the reaction tubes were opened and their 
content stored at -80~ until 5 ~1 aliquots were analyzed by 
ehtornatography and electrophoresis, as described earlier. The 
analysis of N-aeetyl-Sqactoylcysteine was performed by chroma- 
tography of a 10 ul aliquot of a mixture of 5 #l of the reaction 
Solution, 5 t~l of authentic N-acetyl-S-lactoylcysteine (Weber 
1982a) and 3 /~1 of 5 M acetic acid on Whatman DE-81 paper 
With the upper phase from n-butanol, 3 M acetic acid (2:1 v/v) 
for 24 h. The ultraviolet-absorbing spot, which corresponded 
t~ (mobility relative to lactate (R_) = U,~ l't I I I  

~s, was cut out and attached to a sheet of Whatman 3 MM 
!!c l~er" System II was used to re-chromatograph the N-acetyl-S- 

t~ which was measured by scintillation counting, 
described earlier. 

Results 

The reactions of  glyceraldehyde that  are depicted in 
~ig. 1 and Fig. 2 were carried out  in 500 mM sodium 

~ (pH 7.0) at ambient  temperature.  Fig. l ( a l )  
s the formation o f  organic acids from glyceralde- 
in the presence of  the thiol,  N-acetylcysteine,  and 

absence o f  oxygen.  Lactate forms at a rate o f  about  
0 4% 
t ~ / '  per day throughout  the reaction period. Early in 
,he reaction ~lvcerate formation stops in less than 2 d a s  
~t~r~ l e ~ t h a n  1 day as indicated by a similar r e ~ -  
~on with 10 mM thiol).  Although the trace of  oxidant  

~Sp~ for dvce ra te  formation has not  been identi- 
cal ~ -  

c .  , molecular oxygen is considered a reasonable possi- 
u~lity . - -  . . . . 

, Since glycerate format ion ;s increased in the pre- 
i~t~ ce oxygen,  as discussed later. The yields o f  glyco- of  

t~_ ~ and formate are not  considered significant, since 
t~e.Y may have been produced by hydrolysis  o f  traces of  
, e i r  esters that  contaminate  the preparat ion.  As shown 
In l~ig. l (a2)  the format ion o f  organic acids is accom- 
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Fig. 1. Formation of products from 10 mM [14C]glyceraldehyde 
in the absence of oxygen in 500 mM sodium phosphate (pH 7.0) 
at ambient temperature, (al,  a2) with 50 mM N-acetylcysteine; 
(b 1, b2) without N-acetylcysteine 
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Fig. 2. Formation of products from 10 mM [14Clglyceraldehyde 
in the presence of oxygen in 500 mM sodium phosphate (pH 
7.0) at ambient temperature, (el, c2) with 50 mM N-acetyl- 
cysteine; (d 1, d2) without N-acetylcysteine 
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panied by the isomerization of glyceraldehyde to dihy- 
droxyacetone and the formation of an unidentified 
product, unknown-A. 

Fig. l (b l )  depicts the formation of organic acids 
from glyceraldehyde in the absence of thiol. As seen in 
Fig. l (b l ) ,  lactate formation does not occur to a signifi- 
cant extent without thiol. The rate of formation of gly- 
cerate is also greatly reduced and is less than the rate of 
formation of glycolate and formate. A comparison of 
Fig. l(a2) with Fig. l(b2) shows that the isomerization 
of glyceraldehyde to dihydroxyacetone is apparently 
more rapid in the absence of thiol than in its presence. 
The formation of unknown-B is also shown in Fig. 
l(b2). 

Fig. 2(cl) depicts the formation of organic acids from 
glyceraldehyde in the presence of oxygen and the thiol, 
N-acetylcysteine. A comparison of Fig. 2(cl) with Fig. 
l (a l )  shows that the presence of oxygen results in a 
large increase in the production of glycerate, but only a 
small increase in the formation of glycolate and formate. 
Lactate formation is not significantly changed by oxy- 
gen. Fig. 2(c2) shows that the isomerization of glyceral- 
dehyde to dihydroxyacetone and the formation of  un- 
known-A are not significantly affected by oxygen; how- 
ever, the yields of glyceraldehyde and dihydroxyacetone 
are reduced due to their oxidation to organic acids. 

Fig. 2(dl)shows the formation of organic acids in the 
presence of oxygen without thiol. Glycolate and formate 
are the dominant products and glycerate production is 
much slower than the same reaction in the presence of 
thiol (Fig. 2(cl)). A small amount of lactate also forms 
under these conditions. Fig. 2(d2) shows the accom- 
panying isomerization of glyceraldehyde to dihydroxy- 
acetone and the formation of unknown-B. 

Table 2 lists the results from experiments that were 
identical to those shown in Figs. l(al)(a2) and (bl)(b2), 
except that they were carried out under sterile condi- 
tions. These control reactions were performed in order 
to verify that the products from glyceraldehyde are 

formed by chemical reactions and not bacterial activity. 
Table 2 shows that the yields of products obtained in 
the presence of thiol under sterile conditions are very 
close to those obtained without sterile precautions 
(Fig. l(al) ,  (a2). A comparison of the yields obtained in 
the absence of thiol under sterile conditions with those 
obtained without sterile precautions (Fig. l (bl) ,  (b2)) 
shows a small but probably significant reduction in the 
rate of formation of glycolate, formate and glycerate in 
the sterile reactions. This small reduction in the rate of 
oxidation of glyceraldehyde may be due to the remOVal 
of very small amounts of insoluble iron salts by filtra" 
tion during the sterilization procedure. Iron salts like so- 
dium ferro(ferri) pyrophosphate-phosphate mixtures 
have been shown to catalyze the oxidation of sugarS, 
including glyceraldehyde (Spoehr 1924; Spoehr and 
Smith 1926; Spoehr and Milner 1934). Although this 
comparison of the product yields under sterile and non" 
sterile conditions indicates that sterilization is not re- 
quired, all subsequent experiments have been carried 
out under sterile conditions as a precaution. 

Table 3 shows the effect of phosphate concentratiO~ 
and thiol concentration on the formation of products 
from glyceraldehyde. As seen in Table 3, reducing the 
concentration of N-acetylcysteine increases the rate of 
formation of lactate and causes a decrease in the yield 
of unknown-A and in the final ratio of glyceraldehyde to 
dihydroxyacetone. A reduction in the phosphate coo" 
centration decreases the rate of lactate formation and 
slows the isomerization of glyceraldehyde to dihydroXY" 
acetone. An examination of the pH dependency of the 
reaction of 10 mM glyceraldehyde in 500 mM sodiUra 
phosphate with 25 mM N-acetylcysteine showed that 
only the yields of lactate and unknown-A are effected 
by pH. At pH 6.5, 7.0 and 7.5 the yields of lactate are, 
respectively, 7.34%, 6.67% and 9.98%; the yields of uo" 
known-A are respectively 3.81%, 2.97% and 5.90%. 

Since lactate synthesis from glyceraldehyde waS 
thought to proceed via the thioester intermediate, hi- 

Table 2. Formation of products from 10 mM [14C]glyceraldehyde in 500 mM sodium (pH 7.0) in the presence and absence of 
50 mM N-acetylcysteine at ambient temperature under sterile conditions in the absence of oxygen 

Percent of total CPM 

Time Lactate Glycerate Glycolate Formate Glyceraldehyde Dihydroxy- Unknown-A UnknOVcla'B 
(days) acetone j 

+ Ac-Cys 

-Ac-Cys 

0 0.00 0.12 0.41 0.02 90.31 5.53 2.24 - 
4 1.09 2.58 0.51 0.13 43.11 47.61 2.76 - 
8 2.20 2.73 0.72 0.23 27.95 60.52 5.27 - 

16 4.83 2.71 0.83 0.23 23.04 61.13 8.51 - 
32 8.34 2.55 0.72 0.23 20.79 53.45 14.58 - 

0 0.00 0.01 0.41 0.23 86.42 9.63 0.06 1.23 
4 0.01 0.31 0.72 1.07 18.33 70.45 0.56 5.32 
8 0.04 0.49 1.14 1.38 14.13 73.62 1.09 6.25 

16 0.18 0.77 1.77 1.59 13.93 73.01 1.92 6.86 
32 0.37 1.21 2.60 1.80 13.52 70.76 3.60 7.47 



Table 3. Formation of products from [14Clglyceraldehyde at several concentrations of sodium phosphate and N-acetylcysteine at 
ambient temperature under sterile conditions in the absence of oxygen 
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Percent of total CPM 

[Ph~ " IAc-Cys] T ime  Lactate Glycerate Glycolate Formate Glyceraldehyde Dihydroxy- Unknown-A 
(days) acetone 

500 mM 

250 mM 

125 mM 

50 mM 0 0.02 0.10 0.62 0.13 92.46 5.53 2.55 
8 3.28 2.69 0.93 0.33 28.77 58.57 6.1t 

16 5.52 2.44 0.83 0.33 24.11 58.43 8.83 

25 mM 0 0.03 0.29 0.62 0.02 89.70 7.78 2.34 
8 3.47 3.14 1.04 0.44 18.23 70.76 2.24 

16 6.67 2.54 0.93 0.44 17.82 67.68 2.97 

12.5 mM 0 0.01 0.31 0.51 0.13 88.27 8.91 1.72 
8 4.33 3.11 0.62 0.44 15.77 73.11 1.30 

16 8.80 2.92 1.04 0.44 14.85 70.86 1.72 

50 mM 0 0.02 0.30 0.51 0.13 93.08 4.61 2.45 
8 1.91 2.91 0.93 0.44 34.20 53.96 5.06 

16 3.39 3.00 1.04 0.33 23.24 61.64 7.89 

50 mM 0 0.00 0.01 0.41 0.13 94.00 3.89 1.72 
8 1.24 2.42 0.72 0.33 42.49 48.02 3.70 

16 2.49 2.33 0.83 0.33 28.57 59.18 6.32 

acetyl-S-lactoylcysteine, the formation of this lactoyl 
thioester was measured in a reaction mixture of 10 mM 
glyceraldehyde, 10 mM N-acetylcysteine and 500 mM 
iodiurn phosphate (pH 7.0). The yields of N-acetyl-S- 
~Ctoylcysteine and [lactate] at zero time, 1 day and 2 
uays of reaction are, respectively, 0.03% [0.02%], 0.28% ~ .59%] and 0.23% [ 1.51%]. In the absence of the thiol, 

"acetylcysteine, the yields of N-acetyl-S-lactoylcysteine 
and lactate are negligible (< 0.04%). 

biseussion 
We have shown that the thiol, N-acetylcysteine, catal- 
YZes the formation of lactate and glycerate from glyce- 
raldehyde. As shown in the scheme on the next page, the 
forr~ation of lactate is thought to begin by the phos- 
Phate-catalyzed dehydration of glyceraldehyde and/or 
-dihydroxyacetone to give pyruvaldehyde (Riddle and 
LOrenz 1968; Fedoronko and Konigstein 1969). The 
PYruvaldehyde rapidly forms a hemithioacetal with the 
thiol, N-acetylcysteine (RSH), that subsequently under- 
goes a phosphate-catalyzed rearrangement to give the 
~ioester, N-acetyl-S-lactoylcysteine (Hall et al. 1978; 

eher 1982b). This thioester ultimately hydrolyzes to 
Yield lactate. The proposed pathway from glyceralde- 
hyde to lactate is supported by (1) the detection of 
PoStulated intermediate, N-acetyl-S-lactoylcysteine, in 

e reaction mixture, and (2) the thiol- and phosphate- 
Pendence of lactate formation that would be expected 

troru the above-mentioned studies of the partial reac- 
tions that comprise the pathway. The formation of lac- 
t~ thioester probably can occur at concentrations con- 
Siderably below the 0.01 M glyceraldehyde that we 
StUdied, since lactoyl thioester formation from glyce- 

raldehyde is essentially an irreversible process with a free 
energy change (AG o) of roughly -17 kcal/mole. This 
AGo is calculated from (1) the estimated AG O of 
lactoyl thioester hydrolysis (-8/kcal/mole) that is as- 
sumed to be similar to the value reported for acetyl 
thioester hydrolysis (Jencks 1976) and (2) the AG O 
of  formation of lactate from glyceraldehyde (-25.8 kcal/ 
mole, Decker et al. (1970)). 

It is likely that the dehydration of glyceraldehyde to 
give pyruvaldehyde is the slowest reaction in the path- 
way, since both the formation of lactoyl thioester from 
pyruvaldehyde (Weber 1982b) and its hydrolysis (tl/2 = 
6 days) in 0.5 M sodium-phosphate (pH 7.0) are consid- 
erably more rapid than lactate formation. Also, the iso- 
merization of glyceraldehyde to dihydroxyacetone that 
reaches equilibrium at a 5 to 1 ratio of dihydroxyace- 
tone to glyceraldehyde is apparently more rapid than the 
dehydration of glyceraldehyde to pyruvaldehyde that is 
estimated from the rate of lactate formation. Fedoronko 
and Konigstein (1969) also reported that phosphate- 
catalyzed isomerization of glyceraldehyde is more rapid 
than its dehydration to pyruvaldehyde and they gave a 
value of 5 to 1 for the ratio of dihydroxyacetone to gly- 
ceraldehyde at equilibrium. The reported equilibrium 
ratio of dihydroxyacetone phosphate to glyceraldehyde- 
3-phosphate is approximately 22 (Reynolds et al. 1971 
and references therein), a significantly higher value than 
we observe for the non-phosphorylated substances. 

The reaction scheme also shows a possible path- 
way for glycerate synthesis from glyceraldehyde. Gly- 
ceraldehyde is shown to form a hemithioacetal with 
N-acetylcysteine (RSH) that undergoes oxidation to 
yield N-acetyl-S-glyceroylcysteine. The presumed gly- 
ceroyl thioester intermediate then hydrolyzes to give 
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glycerate. At this time we are attempting to demonstrate 
the formation of the glyceroyl thioester intermediate. 
We have not found any earlier report of the thiol-catal- 
yzed formation of glycerate from glyceraldehyde in the 
presence of oxygen. The discussion of the prebiotic 
relevance of thiol-catalyzed formation of glycerate from 
glyceraldehyde is deferred until we have shown the 
formation of the presumed glyceroyl thioester inter- 
mediate. 

The oxidation of glyceraldehyde in the absence of 
thiol to yield mostly formate and glycolate resembles 
the alkaline degradation of aldoses by oxygen that gives 
formate and aldonic acids having one less carbon (War- 
showsky and Sandstrom 1952; Green 1980). However, 
in our reactions the molar yield of formate is much 
greater than that of glycolate. This observation indicates 
that there may be a second two-carbon product that we 
have not isolated from the reaction mixture. This frag- 
ment may be glycolaldehyde, which is not resolved from 
giyceraldehyde by our electrophoretic and chromatogra- 
phic methods. 

The formation of "energy-rich" lactoyl thioesters 
from glyceraldehyde is considered a plausible prebiotic 
reaction, since it operates in the presence of water with 
simple substrates and catalysts at low concentrations. 
The interconversion of glyceraldehyde (dihydroxyace- 
tone) and larger sugars by aldolization and dealdoliza- 
tion may have allowed the readily reversible storage of 
glyceraldehyde in the form of more stable, larger sugars 
on the prebiotic Earth (Konigstein and Fedoronko 1975; 
Gutsche et al. 1967; Degani and Halmann 1968; Mizuno 
and Weiss 1974). Lactoyl thioester formation from gly- 
ceraldehyde resembles fermentation (glycolysis) in that 
useful free energy in both cases is derived from the rear- 
rangement of glyceraldehyde to lactic acid. The prebio- 
tic formation of lactoyl thioesters would have provided 
a source of energy in a chemical form that may have 

been used directly or indirectly, via phosphoanhydrides 
(Weber 1981b, 1982b), to drive the synthesis of bio- 
polymers on the primitive Earth. 
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