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Although the ribose of nucleotides may  be synthesized directly by  oxidation of 
hexoses 1, 2, there is considerable evidence which indicates tha t  other pathways  m a y  also 
be involved 8, 4, 5. 

Pentose derivat ives have been synthesized from glycolaldehyde and  F D P  6 by  
extracts  of muscle 8 and  bacteria  9. RACKER 1° s ta ted tha t  the product  so synthesized by  
crystall ized rabbi t  muscle aldolase was not  ribose-5-phosphate, and  FORREST, HOUGH 
AND JONES 11 concluded tha t  pea aldolase yielded "opt ical ly  active keto-pentose con- 
ta in ing  largely D-xyloketose". (C/. also 12,18). 

I n  view of the lack of specificity exhibited by  crystall ine muscle aldolase toward 
ketohexose phosphates 7, the ketopentose phosphates which it  yields have been investi-  
gated by  procedures which do not  include exposure to basic conditions.  Chromatography 
on Dowex-i-chloride was used to separate the components  of the react ion mixtures.  
This technique as well as paper chromatography indicated tha t  only one pentose 
d e r i v a t i v e - - D - x y l u l o s e - i - p h o s p h a t e - - i s  formed from glycolaldehyde and  dihydroxy-  
acetone phosphate.  Glycolaldehyde-phosphate similarly yields a pentose diphosphate 
which on enzymic dephosphorylat ion yields xylulose. 

MATERIALS AND METHODS 

Materials 
Eructosediphosphate. Commercial FDP was purified by chromatography on Dowex-i-chloride 

with dilute HC1 as the Muting agent essentially as described below. The purified material, in selected 
fractions of the column eluate, was isolated as the Ba salt at pH 6.8 and contained only a trace of 
inorganic P. 

Glycolaldehyde-2-phosphate and Glyeolaldehyde were prepared as describe&. The latter, which 
contained a trace of pyridine, melted at 81-83 ° and the once-melted material, after solidification, 
melted at 92-95 ° (reported m.p. 96°14). Its phenylhydrazone (once recrystallized) melted at I57-59 ° 
(reported m.p., 162°14). 

D-Ribulose was prepared from D-ribulose-o-nitrophenylhydrazone which was a gift of Dr. 
SEYMOUR COHEN 15. 

Aldolase was crystallized from rabbit muscle extract as needles at pH 7.5 and was recrystallized 
twice at pH 6.0 as bipyramids using the procedure of TAYLOR et al. le. One electrophoresis run in 
phosphate buffer, pH 7-4, ionic strength o.i, showed a single component. It  contained an enzymi- 
cally detectable trace of triosephosphate isomerase. 

Potato acid phosphatase was prepared according to a procedure kindly furnished by B. L. 
HORECKER. The activity of the material used was 400/~M of phosphorus liberated per hour mg 
protein under the test conditionslL 

* This investigation was supported in part by a research grant (A-53 I) from the National Institute 
of Arthritis and Metabolic Diseases, of the National Institutes of Health, Public Health Service. 
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Methods 
Ion exchange chromatography. COHN x8 used Dowex-i with dilute HC1 as an Muting agent to 

separate ribonucleotides. Satisfactory resolution of phosphorytated sugars has been obtained using 
the same resin and dilute HC1 (o.o25-O.lO N) for elution. The exact column dimensions and the 
concentrat ion of HC1 used for elution are described with each experiment.  Dowex-i ,  2oo-4oo mesh, 
IO% crosslinkage (The Dow Chemical Company), was washed by suspension and decantat ion to 
remove about  2o % of the finest material  and also the  small amoun t  (I %) of dark, rapidly settling 
particles. I t  was broken in with i N HC1 and I N NH4OH. Before each chromatogram it was washed 
with an excess of I N HC1 and then water. 

As suggested by COliN is, the sample was placed on the column in a solution of low Muting 
power (anion concentration = o.oi M) at pH 6. 5. The column was then washed with water before 
introducing the Muting agent.  Small amounts  of aldolase were bound by the resin but  were Muted 
at or ahead of the breakthrough of even the weakest Muting agent.  The sample, water  wash, and 
initial portion of the Muting agent  were introduced by pipette. Elution was carried out  at  an average 
flow rate of 0.8 ml/cm2/min which required a net  air pressure of about  IO cm of mercury with the 
columns used. The main portion of the Muting agent was introduced from a reservoir connected 
directly in the air pressure line. The top of the resin bed was protected by a close fitting a lundum 
plate. The eluate was separated into fractions using a volume-controlled automat ic  fraction collector. 
Fraction zero was the breakthrough of the Muting agent. If enough water  wash is used to rinse out  
the acid released by the sample, the  breakthrough is readily detected by a drop in pH. 

Combined fractions selected to contain a single compound may  be concentrated for fur ther  
s tudy  by precipitation as the bar ium salt or by lyophilization. Lyophilization avoids exposure to 
bar ium ion and alkaline conditions and was used in all cases for the unknown pentose phosphates.  

Analytical determinations were carried out as describedK 

RESULTS 

Pentosemonophosphate 

Synthesis and separation. B y  s y s t e m a t i c  v a r i a t i o n  of l e n g t h  a n d  d i a m e t e r  of t h e  

r e s i n  b e d  a n d  t h e  c o n c e n t r a t i o n  of HC1 u s e d  fo r  e l u t i o n ,  a n  ion  e x c h a n g e  p r o c e d u r e  

c a p a b l e  of s e p a r a t i n g  i n o r g a n i c  p h o s p h a t e ,  t r i o se  p h o s p h a t e ,  p e n t o s e  m o n o p h o s p h a t e  

a n d  F D P  w a s  d e v e l o p e d  (Fig.  I) .  A l a rge  sca le  s y n t h e s i s  d e s i g n e d  t o  f u r n i s h  a q u a n t i t y  
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Fig. 2. Ion exchange separation of pentose- 
phosphate.  A, Orthophosphate;  B, 1.23 m moles 
Pentose phosphate ;  C, 0.03 m moles HDP.  The 
sample (149 ml) resulted from the incubation of 
o.745 m moles HDP,  3 m moles glycolaldehyde 
and 74 mg aldolase a t  pH 6. 5 for 2. 5 h at  3 °0 . 
The aldolase had been dialyzed against  0.003 M 

KHCO a. The resin bed was 4 cm × 33 cm. 
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Fig. i .  Ion exchange separation of sugar phos- 
phates. A, 6.8 #moles  orthophosphate; B, I2.6 
/zmoles triose phosphate ;  C, 19 /~moles pentose 
phosphate ;  D, 152 /~moles HDP.  The sample 
(21 ml) resulted from the incubation of 183 
#moles  HDP,  42o },moles glycolaldehyde, and 
8 mg of aldolase at  p .H 7.o for 3o rain a t  about  
20 °. The aldolase in this experiment only had beeI1 
partially inact ivated by dialysis against  distilled 
water  at  p H  4.I. The Dowex-I-chloride resin bed 

was 1.2 cm × 44 cm. 
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of the  unknown pentose phospha te  adequa te  for ident i f icat ion is descr ibed in Fig. 2. 
The resul t ing equi l ibr ium under  the  condi t ions  used gave a pentose yie ld  of 97 % calcu- 
la ted  from the ini t ia l  q u a n t i t y  of F D P .  

Homogeneity. The conclusion t ha t  the  condensat ion  with  g lyco la ldehyde  resu l ted  
in a single pen tosemonophospha te  was based  on the  following evidence.  Selected 
fract ions of the  pentose peak  had  a cons tan t  ra t io  of appa ren t  pentose  to  organic 
phosphorus,  and  specific analyses  for inorganic  phosphate ,  and  for the  a lkal i - labi le  
phospha te  of t r iosephospha te  were negat ive .  The pentose  phospha te  synthes ized  is 
a lka l i  s table  7. A solut ion of the  ke topen tosemonophospha te  as the  free acid was opt ica l ly  
ac t ive ;  a~  = - - 1 6 . 8  ° (c = 11.9 in 4 N He1). Af te r  the  ro ta t ion  had  been measured,  
ana lys is  showed less t han  5% of the  organic phosphorus  had  been hydro lyzed .  The 
specific ro ta t ion  of the  two der iva t ives  made  (see below) confirmed the  presence of only 
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Fig. 3- Identification of pentose from tile monophosphoric ester. The tracing is of a descending 
chromatogram carried out according to the method of JERMYN AND ISHERWOOD (J. Biochem., 
44 (1949) 4 o2) using ethyl acetate-acetic acid-water (2.9-1.o-2.9) as solvent on Whatman No. i paper. 
The paper was dried and the sugars detected (S. CHERNICK, I. L. CHAIKOFF AXD S. ABRAHAM, J. Biol. 
Chem., 193 (1951) 793) by spraying with o.2% diphenylamine-o.I M oxalic acid in 50% alcohol 
and then heating in an oven at 90 ° C for five to ten minutes. The most critical examination is possible 
under ultraviolet light. Tile numerous minor components of the autoclaved xylose which are obvious 

only under ultraviolet light were not indicated in the tracing. 

a single opt ica l  isomer. The  free sugar  was p repared  from the unknown pentose  phospha te  
b y  incubat ing  8o/~moles  of the  l a t t e r  wi th  8o /zmoles  MgCI~, 4oo ~moles  ace ta te  buffer 
and  25o uni ts  of po t a to  phospha tase  in a to ta l  volume of 4 ml at  p H  5.o for 15 hours  
a t  37 °. Analys is  a t  14 hours  showed tha t  92 % of the  esterif ied phospha te  had  been 
hydrolyzed .  The cooled incuba t ion  mix tu re  was depro te in ized  wi th  5 % t r ich loroacet ic  
acid, passed th rough  freshly regenera ted  IR-I2O and I R - 4 B  resins to  remove al l  ca t ions  
and  anions including a n y  remain ing  pentose  phosphate ,  and  concen t ra t ed  to  1.5 ml.  
Paper  c h r o m a t o g r a p h y  of the  free pentose,  Fig.  3, showed a single spot.  

Identification. Pentose  phenylosazones  were p repared  TM from D-ribose, and  D-xylose 
and  d i rec t ly  20 from the  unknown pentose phosphate .  Their  observed mel t ing  po in ts  and  
observed mu ta ro t a t i ons  are  given in Table  111. Al though  the  mel t ing  po in ts  of pentose  
phenylosazones  (except for t ha t  of DL-xylose) z2 are  of no value  for the  ident i f ica t ion  of 
a specific pentose,  the  mu ta ro t a t i ons  are character is t ic .  LEVENE AND LAFORGE 22 used 
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this technique to identify the phenylosazone of the ketopentose, L-xylul0se, found in 
human, nondietary pentosuria. The course of mutarotation during the periods reported 
by LEVENE AND LAFORGE (in agreement with the data in Table I) is a consistent change 
in one direction as opposed to the biphasic mutarotation shown by some free sugars. 
The observed mutarotation of the unknown pentose phenylosazone indicated that it 
was D-threo pentose phenylosazone. 

T A B L E  I 

IDENTIFICATION OF PENTOSE PHENYLOSAZONE BY ITS MUTAROTATION 

Compound Melting point* [a]D in ethanol** 

D-threo-Pentose pheny losazone  165-167 ° I h, - - 2 6  13 h, - - 4 4  48 h, - - 4 8  
U n k n o w n  Pen tose  pheny losazone  161-163 ° I h, - - 2 5  -4- 5 72 h, - - 3 7  4- 3 96 h, - - 4 2  4- 8 
D-erythro-Pentose pheny losazone  164-166 ° I h, - - 2 0  144 h, - - 7  

* Uncor rec ted .  
** R o t a t i o n s  were  measu red  a t  room t e m p e r a t u r e  (20-23 °) in a 2 dm tube ;  the  concen t ra t ions ,  

in t he  order  l is ted,  were :  o.52, o.2, and  o.84 %. 

The phenylosotriazole of the unknown pentose was prepared 23 from the osazone 
and crystallized from ether at - - IO °. Its melting point and specific rotation were similar 
to those of D-threo pentose phenylosatriazole (Table II). Furthermore, admixture of the 
latter with the unknown produced no depression of melting point. 

The two derivatives (phenylosazone and phenylosotriazole) prepared do not differ- 
entiate between xylulose and xylose. Paper chromatography (Fig. 3) of the free sugar 
showed that  the unknown pentose was not xylose and that  it was different from all 
sugars tested, including D-ribulose, D-ribose, D-xylose, and D-lyxose, with the exception 
of one component of autoclaved xylose 25. 

TABLE II 
PHENYLOSOTRIAZOLE DERIVATIVES OF PENTOSES 

Compou~ Melting point Specific rotoMon 

Ddhreo Pentose  pheny loso t r i azo le  88.o-9o.o ° C [a]~ ° - - 3 2 . 3  ° 
U n k n o w n  Pen tose  pheny loso t r i azo le  87.5-88. 5 ° C [a]~  - - 3 o . 9 0  -4- 3 
D-erythro Pentose  pheny loso t r i azo le  8o.o-81.o ° C [a]~ ° + 23.1 ° 

The known specificity of aldolase leads to the prediction that  the D-xylulose carries 
the phosphate on carbon atom No. I. Tile lability of the phosphate grouping to I N HC12s 
and to phenylhydrazine acetate ~° is likewise in agreement with the ketopentose-I- 
phosphate structure. We therefore conclude that  the product synthesized from glycol- 
aldehyde and triose phosphate by muscle aldolase is a single pentose monophosphate 
- -  D-xylulose-I-phosphate. 

Pentose diphosphate 

Synthesis and isolation. TUNG el al2 incubated glycolaldehydephosphate (alkali 
stable phosphate) and synthetic dihydroxyacetonephosphate (alkali-labile phosphate) 
Re[erences p. 5oi .  
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with 5 times crystallized aldolase free of triose phosphate isomerase and observed an 
increase in the apparent  pentose concentrat ion (orcinol reaction) but  no disappearance 
of alkali-labile phosphorus. I t  was concluded tha t  a pentosediphosphate was formed 
but  tha t  one of the phosphate  ester linkages was alkali-labile. 
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Fig. 4. An ion exchange chromatogram of a small-scalo synthesis of pentose diphosphate. A, 1.16 
/,moles orthophosphato; B, 2.o6/,moles triose phosphate; C, 42/,moles glycolaldehyde phosphate; 
D, 7.2/,moles HDP; E, 9.1/,moles pentose diphosphate. The sample (2.65 ml) resulted from the 
incubation of I3.2/,moles HDP, 53/,moles glycolaldehyde phosphate, and 2.6 5 mg aldolase at 
pH 6.5 for 2 hours at 37 °. The dimensions of the Dowex-i-chloride resin bed were 1.2 cm × 5 ° cm. 

For  identification, the unknown pentose diphosphate was synthesized from F D P  
and glycolaldehyde phosphate.  Fig. 4 shows an ion exchange chromatogram of a small 
scale synthesis. The components  of the reaction mixture were dist inctly separated. 
I n  5 other experiments, the yield of pentose diphosphate, calculated on the basis of the 
original diose phosphate  concentrations, varied from 3 ° to 48 %. Larger scale syntheses 
were carried out and the unknown pentose diphosphate fractions were combined and 
concentrated by  lyophilization. This method of concentrat ion resulted in hydrolysis  of 
6.5 % of the organic phosphate.  The specific rotat ion of the pentose-diphosphoric acid, 
a~,  was approximately  + i o  ° (c = 1.3). 

Identification. The pentose diphosphoric acid is labile to both  acid and alkali. 
Exposure  to I N N a O H  for 15 minutes  at room temperature  hydrolyzed 44% of the 
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Fig. 5. Identification of pentose from the diphosphoric ester. The tracing is of a descending chro- 
matogram using ethyl acetate-pyridine-water (2.O-l.O-2.o) ; other conditions as described in Fig. 3. 
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organic phosphate. Lability of the 1-phosphate group is to be expected in a ketopentose- 
1,5-diphosphate since combination of the 5-hydroxyl with phosphate prevents the 
formation of a furanose ring. Treatment with o.oi M phenylhydrazine acetate at pH 5.0 
and IOO ° liberated 46% of the organic phosphate after Io minutes. 

The free pentose was liberated enzymically from the diphosphate and isolated 
as described for the pentosemonophosphate above. It  was positively identified as xylulose 
by paper chromatography (Fig. 5). The reference sample of xylulose was that charac- 
terized above as originating from D-xylulose-I-phosphate. 

These several properties indicate the pentose diphosphate is a derivative of xylulose, 
and most likely D-xylulose-I,5-diphosphate. A quantity sufficient for preparing deriva- 
tives, even on a small scale, was not available. 

DISCUSSION 

The stereospecificity of the aldolase catalyzed condensation of diose or diose 
phosphate with dihydroxyacetone phosphate is in keeping with the original findings of 
MEYERHOF et alW. The newly formed hydroxyl groups in the resulting ketopentose 
phosphates are trans to one another and in the same relative configuration as the 3 and 
4 positions of fructose. Although this aldol condensation of C s + C., compounds does 
not give rise to ribose phosphates directly, it may do so indirectly. The above conden- 
sation, followed by conversion of xylulose phosphate to ribulose phosphate 28 and finally 
by the pentosephosphate isomerase 1~ reaction may yield ribose phosphate for nucleotide 
synthesis. Since aldolase can cleave sugar phosphates between carbon atoms bearing 
cis hydroxyl groups 7, it may also synthesize them in small amounts. Continued con- 
version of ribulose phosphates, so formed, to ribose phosphates would provide a more 
direct pathway for the synthesis of the latter. The equilibrium concentration of ribulose 
phosphates formed by aldolase may have been too low to permit detection by the 
methods employed here. 

The synthesis and isolation of xylulose-i-phosphate described here was accomplished 
in good yield from readily available starting materials and is potentially a practical 
source of this compound. 

SUMMARY 

I. The product of the condensation of glycolaldehyde and dihydroxyacetonephosphate, catalyzed 
by rabbit muscle aldolase, is D-xylnlose-i-phosphate. 

2. The product of the condensation of glycolaldehyde-phosphate and dihydroxyacetone- 
phosphate is a diphosphoric ester of xylulose, presumably D-xylulose-i,5-diphosphate. 

3. Conditions are described for the separation of orthophosphate, diose phosphate, triose 
phosphate, xylulose-I-phosphate, fructose diphosphate and xylulose diphosphate on Dowex-I- 
chloride. 

RI~SUMt~ 

i. L'aldolase du muscle de lapin catalyse la condensation dn glycolald6hyde et du dihydroxy- 
ac6tone phosphate en D-xylulose-i-phosphate. 

2. Le produit de condensation du glycolald6hyde-phosphate et du dihydroxyac6tonephosphate 
est un ester diphosphorique du xylulose, probablement le D-xylulose-i,5-diphosphate. 

3. Une m~thode de s6paration de l'orthophosphate, du diosephosphate, du triosephosphate, 
du xylulose-i-phosphate, du fructosediphosphate et du xylulosediphosphate sur Dowex-i-(forme C1-) 
est d6crite. 
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ZUSAMMENFASSUNG 

I. Dass durch Kaninchenmuskelaldolase katalysierte Kondensa t ionsprodukt  yon Glykolaldehyd 
und Dihydroxyace tonphospha t  ist D-Xylulose-I-phosphat .  

2. Das Kondensa t ionsprodukt  yon Glykola ldehydphosphat  und Dihydroxyace tonphospha t  ist 
ein DiphosphorsXure-Ester  der Xylulose, wahrscheinlich einer D-Xylulose- i ,5-diphosphat .  

3 - E s  werden die Bedingungen beschrieben, unter  denen Or thophosphat ,  Diosephosphat ,  
Tr iosephosphat ,  Xylulose- i -phosphat ,  Fruktosediphosphat  und Xylulosediphosphat  mi t  Dowex- 
i-Cblorid ge t rennt  werden k6nnen. 
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