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SUMMARY 

I. Liver microsomal preparations have been shown to catalyze the stereo- 
specific synthesis of a ribitol phosphate from ribitol and inorganic pyrophosphate 
(PPi). 

2. The compound formed has been isolated as a lithium or barium salt and 
identified as I)-ribitol 5-phosphate (L-ribitol 1-phosphate). Thus the enzyme activity 
is specific for that primary hydroxyl group of ribitol which corresponds, from the 
viewpoint of the meso C atom at C-3, to that hydroxyl group of glycerol which is 
similarly phosphorylated to give glycerol I-phosphate (v-a-glycerophosphate). 

3. The ribitol phosphate produced from ribitol with ATP and the L-ribulokinase 
of Aerobacter aerogenes has been identified as o-ribitol 5-phosphate. 

4. Glucose is a competitive inhibitor for the synthesis of ribitol phosphate by 
PPi-ribitol phosphotransferase activity, while ribitol inhibits the svnthesis of glucose 
6-phosphate non-competitively. 

5- The hydrolysis of PPi, which proceeds simultaneously with synthetic phos- 
photransferase activity, is accelerated by ribitol, as by glycerol, whereas it is inhibited 
greatly by glucose and slightly by ribose. 

6. The four pentitols, under identical conditions, serve as acceptors for phospho- 
transferase activity from PPi at varying rates: I)-arabitol > ribitol > L-arabitol > 
xylitol. 

7. In the livers of fasted and alloxan diabetic rats the levels of enzyme activity 
are greatly elevated over those found in normal fed animals. In  vitro the enzyme is 
activated by pretreatment of microsomal preparations by NH4OH or by detergents. 
These properties, as well as the kinetics of the enzyme reaction, support the conclusion 
that PPi-ribitol phosphotransferase activity is a property of the same particulate, 
membrane bound enzyme which is responsible for glucose-6-phosphatase and PPi 
glucose (or glycerol) phosphotransferase activities. 

* Present  address:  National  Ins t i tu te  of Arthrit is  and Metabolic Diseases, National Insti-  
tu tes  of Health,  Bethesda, M(t. 2OOl. b U.S.A. Address for reprints.  
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INTRODUCTION 

Microsomal fractions of liver and kidney are capable of utilizing PPi fi~r the 
phosphorylation of glucose, glycerol and a wide variety of sugars, sugar alcohols and 
related compoundsL The presence of a free primary alcohol group in the molecule is 
a requirement for an effective acceptor compound in this reaction. In the case of 
glycerol, with a "meso" carbon atom and having two primary alcohol groups available 
for phosphorylation, it has been shown that  it is specifically the primary alcohol group 
on C-I (stereospecific numbering 2) that  is phosphorylated by the microsomal phospho- 
transferase and PPi. The product in this case is glycerol x-phosphate (D-~-glyeero- 
phosphate) in contrast to the more commonly occurring glycerol 3-phosphate (L-(~- 
glycerophosphate), which is produced by the action of glycerol kinase (ATP :glycerol 
phosphotransferase, EC z.7.I.3o ). From the point of view of the meso carbon atom 
(C-3) of ribitol the primary alcohol groups at (;-I and C-5 are analogous to those of 
C-I and C- 3 of glycerol. In this paper we report the results of a study of the enzymatic 
phosphorylation of ribitol, some of the properties of the enzyme and the isolation and 
characterization of the product formed. 

METHODS 

Enzyme preparation and assay 
Rat  liver microsomes were the source of the enzyme used. Preparation of the 

animals, the liver microsomal fractions, activation of the enzyme with NH4OH and 
assays of glucose-6-phosphatase and PPi-glucose phosphotransferase were by methods 
previously described a. 

PPi-ribitol phosphotransferase activity was determined essentially by the 
isotope method developed for acceptor specificity studies of phosphotransferase 
activity a and for a study of PPi-glycerol phosphotransferase activity 4. Enzymatic 
reactions run with ribitol and radioactive 32PPi were stopped by the addition of tri- 
chloroacetic acid. Aliquots (z or 4 #1) of deproteinized reaction mixture were spotted 
on chromatographic paper and developed by descending chromatography at 3 ° with 
methanol NH4OH-water  (6:1:3, by vol.) to separate the organic phosphate com- 
pound formed from radioactive Pi and PPi. I t  was found that  ribitol phosphate 
migrated to a distance intermediate between glucose 6-phosphate and glycerol I- 
phosphate, i.e. 26 cm vs. 24 and 28 cm, respectively, in I8 h. The radioactivity in the 
clearly defined product area, located by means of a paper strip scanner, was measured 
by liquid-scintillation counting. The quanti ty of ribitol phosphate formed was calcu- 
lated by comparison with the quanti ty of glucose 6-phosphate, measured both by 
incorporation from the same sample of radioactive PPi and by reduction of NADP ~ 
in the presence of glucose 6-phosphate dehydrogenase. 

RESULTS 

Conditions for accum.ulatio~ of ~vnthetic ribitol phosphate prior to isolation 
Ribitol phosphate formation under various conditions was studied by following 

the accumulation of stable, organic-bound phosphorus. Tile difference between the 
total phosphorus and the sum of the free and easily hydrolyzable phosphorus of the 
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enzymatic reaction mixtures was measured. Alternatively radioactive PPi was used 
to follow the phosphorylation. Using the favorable substrate concentrations of 2 M 
ribitol and o.o8 M PPi suggested by the kinetic studies, it was found that a maximum 
yield of ribitol phosphate was obtained with NH4OH-activated microsomal prepara- 
tions in a 4-h incubation at 3 °o and pH 5.2. Under these conditions the yield of ribitol 
phosphate was about 25~o based on the quantity of PPi added. This corresponded to 
only a I% yield based upon the high concentration of ribitol (2 M) used but the excess 
ribitol could be recovered and reused in the preparation of ribitol 5-phosphate. 

Glucose-6-phosphatase and its related enzyme activities have been found to be 
remarkably active at low temperatures ~. Ribitol phosphate synthesis by the same en- 
zyme fraction was also found to proceed well at o °. About 4 days at o ° were required 
to produce approximately the same quantity of ribitol phosphate as wa:~ formed in 
4 h at 3 o°. Overall yields were somewhat lower with untreated microsomes than with 
NH4OH-pretreated preparations. 

Isolation of ribitol phosphate from enzymatic synthesis 
A small amount of radioactive ribitol phosphate was prepared and purified for 

use as a label in the process of isolation of the larger amount of material needed for 
characterization of the compound. Synthetic radioactive ribitol phosphate, formed 
enzymatically from a2PPi, was separated from excess ribitol, and from 32P i and 32PP i 
by chromatography on large sheets of Whatman No. I paper developed for 28 h at o ° 
with CH3OH-NH4OH-water (6:1:3, by vol.). Radioactive ribitol phosphate was 
eluted from the appropriate areas of the dried paper by means of very dilute NH4OH. 
The eluate, free of Pi, was concentrated in vacuo at a temperature below 3 o°. 

In a typical preparation, non-isotopic ribitol phosphate was synthesized on a 
larger scale by incubation of 12.16 g ribitol (2 M) in 40 ml of 0.08 M sodium pyro- 
phosphate in acetate buffer of pH 5.2 with a liver microsomal preparation which had 
been activated with NH4OH. After incubation at 3 °° for 4 h, the enzymatic reaction 
was stopped by heating the mixture at I00 ° for a few minutes, and the coagulated 
protein was removed by filtration. The estimated yield of ribitol phosphoric acid, 
based on stable, organic-bound phosphate formed, was about 200 rag. 

After the addition of a portion of the solution of radioactive synthetic ribitol 
phosphate as a marker, the filtrate was passed through a column of Dowex AG I-X2 
anion exchange resin in the acetate form. The labeled compound, located by means of 
a monitor Geiger counter, was retained in the upper half of the column. The column 
was washed well with water to remove cations and ribitol and the adsorbed anions 
were eluted with I M ammonium acetate. The eluate was collected in 2-ml aliquots 
which were analyzed for Pi and for radioactivity to locate the ribitol phosphate. 
Ribitol phosphate was found concentrated in the earlier tubes, with some overlap 
with Pi in intermediate tubes. In subsequent preparations, carried out by the same 
method, the radioactive label compound was omitted. 

The contents of those tubes containing the bulk of ribitol phosphate were com- 
bined for further purification. An excess of barium acetate was added and the 
precipitated Bas(PO,) 2 was filtered off and washed well with water. Cations (Ba ~¢ 
and NH4 +) were removed by passing the solution through a column of Dowex AG 
5oW-X8 (H + form) resin and the solution was cautiously evaporated to dryness 
several times in vacuo below 3 °° with the addition of water to remove acetic acid. The 
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lithium salt of the product proved more satisfactory for purification than the barium 
salt. Therefore the residue, taken up in a few ml of water, was made slightly alkaline 
with LiOtt and 3 vol. of ethanol were added to precipitate the lithium ribitol phos- 
phate which was purified by solution and reprecipitation with ethanol. 165 mg of the 
dilithium salt of ribitol phosphate were obtained. 

Samples of the product were spotted on Whatman No. I paper, developed with 
u-propanol-NH4OH-water (6:3:1, by vol.) by descending chromatography and 
visualized by the periodate-Schiff reagent 6. The isolated enzymatieally prepared 
material exhibited a single spot which had an RE value (o.25) identical with that of 
synthetic known D-ribitol 5-phosphate (Sigma). 

Characterization of enzymatically synthesized ribitol phosphate 
Analysis of the isolated anhydrous dilithium salt (Schwarzkopf Microanalytical 

Laboratory) was as follows: Vound: C, 23.7; H, 5.2; P, I2.4; Li, 5.5. Li2CsHnPO8 
(244) requires C, 24.6; H, 4.5" P, 12.7 Li, 5.7°.,~. Optical rotation, ia]O ~ --4.2 °, 
observed for a 2.6% solution of lithium salt in water. Values ranging between --3.9 ° 
and --5.2 ° were obtained on different preparations of isolated lithimn or barium 
ribitol phosphate. Optical rotation measurements were carried out on a Perkin-Elmer 
Polarimeter, Model 141. The only reported specific rotation for D-ribitol 5-phosphate 
which we were able to find in the literature was that of LEVENE el al. 7, who in 1934 
analyzed the compound formed by a platinum-catalyzed reduction of their synthetic 
ribose 5-phosphate. The optical rotation in that case was observed on a 3.7°Jo aqueous 
solution of sodium salt prepared by the removal of barium from a solution of barium 
ribitol phosphate by means of Na2CO a. They reported laid 22 -= --8.9 °, calculated as 
the sodium salt. Other workers, who have described the synthesis or isolation of the 
compound6,S ~0, have not reported specific rotation values but used enzymatic 
methods for identification. 

In view of the discrepancy between our observed rotation and that of I,EVENE 
et al. 7, and because of the known tendency of polyol phosphates to undergo phosphate 
migration and cyclization when heated in acid solution s,n,~2, it was necessary, for 
positive identification, to compare the rotation of the isolated compound with that 
of known D-ribitol 5-pfiosphate prepared, isolated, and measured in a variety of ways. 

D-Ribitol 5-phosphate prepared by catalytic reduction of D-ribose 5-phosphate 
The starting material for catalytic reductions was a disodium salt of D-ribose 

5-phosphate (Sigma). lain --:- -¢- I6.2 °, found, determined using a 2.5°/, aqueous solu- 
tion and calculated as the anhydrous sodium salt. Literature values1*: [a]i) ~- + 
-!-16.o9 ° (natural) and + 16.54 ° (synthetic). 

Borohydride reduction, isolation and purification of the ribitol phosphate as a 
barium salt were carried out as described by BADDILEY et al. ~. The rotation, measured 
on a 2.5°/,) aqueous solution of sodium salt, prepared by removal of barium with 
Na2CO~, was [a]o -- --4.1 °. The product of a borohydride reduction, isolated as a 
lithium salt by the procedure which we used for isolation of the enzymatic product, 
gave laid --5.1 °. 

Since the isolation methods used involved purification steps in which acidic 
solutions were cautiously evaporated in vacuo, it seemed desirable to prepare a 
sample by a method which avoided such steps. The barium salt of o-ribose 5-phos- 
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phate was reduced with H a and Adams catalyst and barium ribitol phosphate was 
isolated exactly as described by LEVENE et al. 7. Found: P, 8. 3. Calculated: P, 8. 4. 
laiD --  --4.4 °, calculated as sodium salt, in contrast to the value of --8.9 ° recorded 
by LEVENE in 1934. In another platinum-catalyzed hydrogenation, using disodium 
D-ribose 5-phosphate, the product was converted by means of Dowex AG 5oW-X8 
(Li + form) resin to a lithium salt and purified by reprecipitation from water with 
alcohol. Found: P, 12.5. Calculated: P, 12. 7. [aiD --  --4.9 °, measured on a 3.5% 
aqueous solution of dilithium salt, pH lO. 7. 

The specific rotation of our enzymatically synthesized ribitol phosphate agrees 
well with that  found for authentic D-ribitol 5-phosphate. 

We are at a loss to explain the discrepancy between our observed rotations and 
those of LEVENE et al. but, in the course of studying it, we noted the appreciable 
effect of pH on the rotation of ribitol phosphate. For example, a solution of the di- 
lithium salt, exhibiting an laiD = - - 4 . 9  ° at pH lO.7, adjusted with HC1, gave 
laiD = --4.3 ° at pH 7.0 and lain : +2 .1  ° at pH 2.4. This same solution, after being 
kept at pH 2.4 for several hours, was readjusted to about pH I I  and the negative 
rotation was restored, laid = --5.0 °. I t  thus appears unlikely that  cautious exposure 
to acidic conditions during the isolation procedure would have significantly changed 
the product. 

Thus the product isolated from the microsomal enzyme catalyzed phosphoryla- 
tion of ribitol with PPi is identical with known D-ribitol 5-phosphate. The enzyme 
specifically catalyzes the phosphorylation of one of the two primary alcohol groups 
of ribitol. 

Ribitol phosphate from ribitol, A T P  and L-ribulokinase of Aerobacter aerogenes 
Since it had been found that  the two enzymes, mammalian PPi glycerol phos- 

photransferase and glycerol kinase (ATP-glycerol phosphotransferase), specifically 
catalyze the phosphorylation of different pr imary alcohol groups of glycerol, it seemed 
of interest to determine if this were also the case for phosphorylation of the pr imary 
alcohol groups of ribitol. Unfortunately the two corresponding enzymes for ribitol 
phosphorylation are not available from the same species. SIMPSON AND WOOD 14 ob- 
served that  ribitol could be phosphorylated by the L-ribulokinase of A. aerogenes but, 
at that  time, the configuration of the product was not determined. 

We are indebted to Jean D. Deupree of the laboratory of W. A. Wood, Depart-  
ment of Biochemistry, Michigan State University, for preparing and supplying us 
with a sample of crude barium ribitol phosphate. She used an A. aerogenes PRL-R3 
mutant ,  lacking L-ribulose 5-phosphate 4-epimerase, to phosphorylate ribitol with 
ATP in the presence of MgC12, NaF, glutathione and EDTA by the procedure of 
ANDERSON 15. The product was converted to a barium salt and precipitated, along 
with the adenine nucleotides and inorganic salts, by means of ethanol. We received 
7oo mg of the crude barium salt mixture. Preliminary analysis indicated that  the 
sample contained at least 35~o adenine nucleotides and an appreciable amount of 
inorganic material. That  portion which was soluble in water was fractionated by 
differential ethanol precipitation, removing the bulk of the adenine nucleotides. The 
remainder of the nucleotides were removed by  adsorption on charcoal 1~ by four 
successive treatments of a dilute aqueous solution with charcoal until no significant 
amount of 26o nm absorbing material remained. The barium ribitol phosphate, after 
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purification by several reprecipitations from water with ethanol, was converted to the 
lithium salt by  means of a cation resin with LiOH. lO3 mg of reprecipitated lithium 
ribitol phosphate were obtained. Found:  P, 12.3. Calculated: P, I2. 7. It~JD = - -4 .9  °. 

Thus the ribitol phosphate formed from ATP and ribitol by  L-ribulokinase of 
A. aerogenes is D-ribitol 5-phosphate, the same compound as is formed by the PPi 
ribitol phosphotransferase of liver and by  catalytic reduction of known 1)-ribose 5- 

phosphate. 

l~[fcct of substrate concentration on rate of phosphotransferase reactio~ 
The rate of formation of ribitol phosphate was studied as a function of ribitol 
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Fig. I. Effect  of r ibi tol  concen t r a t ion  on ra te  of fo rmat ion  of r ib i to l  phospha te .  The a~PPi con 
cen t r a t i on  was c o n s t a n t  a t  o.o 5 M, and  the  r ib i to l  was var ied  be tween  o.I and  2.5 M. The enzyin-  
a t ic  r eac t ions  were i ncuba t ed  a t  3 °o for io  min  in a mixed  ace t a t e  and  cacody la te  buffer a t  pH  5.2 
wi th  l iver  microsomal  enzyme  which  had  been a c t i v a t e d  by  p r e t r e a t m e n t  wi th  NH4OH (refs. 
17 and  3)- The q u a n t i t y  of r ib i to l  p h o s p h a t e  formed was measured  by  the  isotope procedure  de- 
scr ibed under  METHODS. V : / tmoles of r ib i to l  phospha t e  formed per rain per mg of protein.  

Fig. 2. Effect  of PPI  concen t ra t ion  on ra te  of r ib i to l  phospha t e  format ion,  a2PPi was var ied  be- 
tween  o.oo 4 and o.o8 M in a c e t a t e - c a c o d y l a t e  buffer (pH 5.3) wi th  the r ib i to l  concent ra t ion  
c o n s t a n t  a t  z M. The enzyme  and  assay  me thods  were s imi lar  to those  of the e x p e r i m e n t  of Fig. t. 
v :- ffmoles of r ibi tol  phospha t e  formed per min per mg of protein.  

concentration, with PPi constant  at o.05 M {Fig. I). Very high concentrations of the 
sugar alcohol were required to begin to saturate the enzyme site and, as was the case 
with glycerol, the reaction rate was nearly linearily related to the acceptor concentra- 
tion up to about  2 M. The apparent  Km obtained from a double-reciprocal plot of the 

data  was about 5.6 M. 
When tile PPi concentrat ion was varied, with ribitol constant  at 2 M, the 

results shown in Fig. 2 were obtained. The apparent  Km for PPi in the PPi ribitol 
phosphotransferase reaction was 7.5 raM, close to the value observed when glucose 5 

or glycerol a was tim acceptor compound.  

Effect of acceptor compounds on the hydrolysis of inorganic pyrophosphale 
The microsomal enzyme preparat ion catalyzes the simultaneous occurrence of 

the transferase and hydrolase reactions of inorganic pyropho.~phate: 
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P P i  + a c c e p t o r  ~ a c c e p t o r - p h o s p h a t e  i- Pi  ( l )  

P P i  + H 2 0  ~+" 2 P i  (2) 

From the quantities of total inorganic phosphate and of acceptor-phosphate 
formed, the quantities of PPi used in Reactions i and 2 can be calculated. 

In earlier studies 4, in which glucose and glycerol were found to be equally 
effective transferase acceptors (Reaction I), increasing concentrations of glycerol or 
glucose had strikingly different effects on the pyrot)hosphate hydrolysis (Reaction 2). 
With increasingly higher concentrations of glucose the hydrolysis of PPi was progres- 
sively inhibited so that  as nmch as 00°/,) of the PPi utilization was in the transferase 

T A B L F ;  l 

EFFECT OF RIBITOL CONCENTRATION ON THE P P i - P H O S P H O T R A N S F E R A S E  AND P P i - t l Y D R O L A S E  

REACTIONS 

R e a c t i o n  m i x t u r e s ,  w i t h  c o n s t a n t  a2pp l  (o.o 5 M) a n d  d i f f e r e n t  c o n c e n t r a t i o n s  of  r i b i t o l  in  caco-  
d y l a t e  buf fe r  a t  p H  5.2, w e r e  i n c u b a t e d  for  t o  ra in  a t  3 o~ w i t h  N H 4 O H - a c t i v a t e d  m i c r o s o m a l  
e n z y m e  c o n t a i n i n g  a b o u t  t m g  of  p r o t e i n  p e r  ml .  T o t a l  P i  f o r m e d  w a s  d e t e r m i n e d  b y  t he  F i s k e  
S u b b a r o w  m e t h o d  a n d  r i b i t o l  p h o s p h a t e  f o r m a t i o n  b y  t h e  i s o t o p e  m e t h o d .  

Ribitol concn. Pi (a) D-Ribitol 5- Transfer* 
(M)  (limoles/miu per phosphate (b) (%) 

mg protein) (i, moles/mi~ per 
mg protein) 

2, 5 I.O26 0.324 48 
2.0 1.090 0.3o0 43 
1-5 1.030 0 .236 37 
I .o o.931 o. 164 3 ° 
0. 5 0 . 8 1 0  0 . 0 8 2  t 7  

0.25 o .75o o.o44 to  
o . i o  0.69 ° O.Ol 7 5 
o 0.654 o o 

/ tmo le s  o r g a n i c  P f o r m e d  (b) 
* P e r c c n t a p e  t r a n s f e r  ~ X ioo.  

reaction< ~. In contrast, increasingly higher concentrations of glycerol had a stimu- 
lating effect on PPi hydrolysis. This different effect of glucose and glycerol was 
observed also when the reactions were studied as a function of PPi concentrations, 
pH, or time as well as of acceptor concentration 4. In the present experiment ribitol 
reacted in virtually the same manner as glycerol (Table I). With increasing ribitol 
concentration the percent transfer progressively increased, but the quanti ty of total 
P i  formed indicates that  the simultaneous hydrolytic reaction was also stimulated. 
Ribose was about half as effective an acceptor as ribitol at each concentration level 
and did not stinmlate PPi hydrolysis. Fig. 3 shows the different effects of the sugars 
and sugar alcohols on Reaction 2. In this experiment PPi hydrolysis in the absence 
of any acceptor other than water was compared with the calculated values obtained 
in the presence of increasing concentrations of the acceptor compound determined at 
the same time with the same enzyme preparation. High concentrations of glucose, 
the most efficient acceptor compound studied, almost completely block the hydrolysis 
of PPi by the microsomal enzyme preparation. Ribose, while acting as a fair acceptor 
compound, had only a slightly inhibitory effect on the pyrophosphatase. The alcohols, 
glycerol and ribitol, stimulated PPi hydrolysis. 
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l"it'. 3- ]"t lcct  of t r a n s f c r a s e  a c c e p t o r  c o n c e n t r a t i o n  on n l i c roson]a l  i n o r g a n i c  p y r o p h o s p h a t a s e  
r c a c t i o n .  Ti le  Ill> i r e a c t i n g  w i t h  w a t e r  in the  p r e s e n c e  of  ( l i f fe ren t  c o n c e n t r a t i o n s  of gluc()sc, ri- 
bose,  r i b i to l  or g lyce ro l  ~ a s  c a l c u l a t e d ,  l>lq rcact i lu4 w i t h  w a t e r  t o t a l  1)i f o r m e d  (in hy( l roh t se  

! t r a n s f e r a s e  r eac t i on )  milzus s u g a r  p h o s p h a t e  or p e n t i t o l  p h o s p h a t e  fo rmed  (in t r a n s f e r a s v  
r t ' ac t ion)  d i \  idcd by  2. In each  case  PPi  h y d r o l y s i s  in t h e  a l / sence  of an  a c c e p t o r  o t h e r  t h a n  w a t e r  
\ \ ' t in I/IC~ISI1FCd w i t h  t i l t '  S{ll/lt' Cl/ZVll/C p r ( ! p ~ t r a t i o l l  ; / I ld  t i l t  I '~cSlllts w e r e  cx[) i ' c>;sc t l  ~/s |)(,i-C('llt~/k~c ( ) f  
t h i s  \ 'a luc.  

l~zhit~iliou of Plq gIHcosc flhosbhotrausfcrasc activity by ribilol and of t~Pi ribitol #hos- 
15holrau,@'rasc activity t,v gh~cosc 

The na ture  ()f the inhibi t ion of glucose ()-phosphate fl)rmation t) 3' r ibitol  and of 
ril>itol 5 -phosphate  format ion by  glucose was s tudied  in a series of exper iments  carried 
out  with identical  a2PP i ( 'oncentrat ions,  pH,  enzyme and assay condit ions.  Rit)it()l 
was cons tan t  at o, o.5, I and 2 M while glucose concent ra t ions  were var ied  l>etween 
() and o. 4 M. The quant i t ies  of glucose 6-phosphate  and of r ibitol  5-phost)hate,  sinml 
taneous ly  f()rmed, were measured.  Each acceptor  was c(msidered both as a subs t ra te  
and an inhibitor .  The react ion rates,  p lo t ted  as a function of subs t ra te  c(meentrati()n 
at different c(mstant  levels (>f inhil)itor, are given in the inset graphs of Figs. 4 and 5- 
Fr()m double-reciprocal  ph)ts it can be seen tha t  glucose acts as a comtx ' t i t ive  inhibi- 
tor  of r ibi tol  in the format ion  of r ibi tol  phosplmte  (Fig. 4) while the r ibi tol  inhibi t ion 
of glucose 6-phosphate  synthesis  appears  to be noncon~peti t ive (l:ig. 5)- These as vet  
unexphdned  results are similar  to those <)btained in an exper iment  in which glucose 
and glveerol ( 'on(-entrati(ms were s imul taneous ly  var ied in a micr()somal PP~ phosph(>- 
trans/\~rase reacti<mfi In tha t  case glucose was a s t r ie t ly  compet i t ive  inhibi tor  of 
glycerol I -ph()sphate  synthesis  while glycerol affected the  formati(>n ()f glucose 6- 
ph()st)hate from I)Pi in a noncompet i t ive  fashion, lrrcm~ I) ixon plots  is of the r ibi tol  
glu<'ose da ta  approx inmte  /x'i wdues of o.I  M for glucose and I, 7 M for ribit()l were 
determine(l .  

(~m@aris(m q[ /~hos/~/mrylatiolz of su2ars and corrcs/5ondiJzg sugar alcohols: cJ]?ci oI" 
coldigm'alio tz 

The re la t ive  ease with which p r imary  alcohol groups are 1)hoslfl~orylate(t by 
l ' l ) i  and mier()sonml enzwne prepara t ions  varies g rea t ly  with the na ture  ()f the 
a('cept()r ~. A series of pentoses,  hexoses and thei r  corresponding pentit(>ls and hexit()ls 

l~ ioch iJ~ l ,  l h l o p h 3 ' s . . 4  c&L -'5 ° ( 1971 ) 5 o ~ 5 x 3 
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Fig. 4. inhibit ion of liver PPi-r ibi tol  phosphotransferase activitv by glucose. 32PP i was constant  
a t  o.o 5 M while ribitol was varied between o and 2 M, and glucose was varied between o and o. 4 
M at  each ribitol concentration. Enzymatic  reactions were carried out for Io rain at  3 ° in acetate 
buffer at  pH 5.2 with an NH4OH-activated liver microsomal enzwne preparation. Reaction was 
stopped by heating at  ioo '~ for 3 min. The sum of ribitol phosphate and glucose phosphate formed 
was determined by measuring the incorporation of a2p into the organic phosphate compounds 
formed. Glucose 6-phosphate formed was measured by reduction of NADP~ with glucose 6-phos- 
phate  dehydrogenase. Ribitol phosphate formed was determined by difference, v -- ffmoles of 
ribitol phosphate formed per rain per mg protein. 

Fig. 5- Inhibition of liver PPi-glucose phosphotransferase activity by ribitol. The experiment is 
described in the legend to Fig. 4. v = ffmoles of glucose 6-phosplaate formed per rain per mg of 
protein. 

we re  c o m p a r e d  as a c c e p t o r s  u s i n g  c o n d i t i o n s  r o u g h l y  o p t i m a l  for  g lucose  p h o s p h o r y l a -  

t ion .  R e s u l t s  a re  g i v e n  in T a b l e  I I .  S e v e n  of  t h e  e i g h t  p e n t o s e  i s o m e r s  a n d  all  of  t h e  

fou r  c o r r e s p o n d i n g  p e n t i t o l s  were  a v a i l a b l e .  P e n t o s e s  of  t h e  r ibose  or  a r a b i n o s e  con-  

f i g u r a t i o n  were  p h o s p h o r y l a t e d  b v  t h e  P P i - e n z y m e  s y s t e m  b u t  t h o s e  of  t h e  xv lose  

or  l yxose  c o n f i g u r a t i o n  were  no t .  In  each  case  t h e  s u g a r  a l coho l  was  a b e t t e r  a c c e p t o r  

t h a n  was  t h e  c o r r e s p o n d i n g  p e n t o s e .  R e d u c t i o n  of  t h e  a l d e h y d e  g r o u p  of  D- a n d  L- 

xy lose  a n d  of  D- a n d  L- lyxose  c o n v e r t s  t h e s e  i n a c t i v e  c o m p o u n d s  i n t o  e x c e l l e n t  

a c c e p t o r s .  R i b i t o l  was  a b o u t  twice  as ef fect ive ,  a n d  D - a r a b i t o l  a n d  L - a r a b i t o l  a b o u t  

7 t i m e s  as ef fec t ive ,  as t h e  c o r r e s p o n d i n g  a ldoses  u n d e r  t h e  c o n d i t i o n s  s t ud i ed .  I n  

c o n t r a s t ,  for  all of  t h e  6-C c o m p o u n d s  s t u d i e d ,  r e d u c t i o n  of  t h e  a l d e h y d e  g r o u p  

p r o d u c e d  an  a l coho l  w h i c h  w as  a less e f fec t ive  a c c e p t o r  t h a n  was  t h e  c o r r e s p o n d i n g  

hexose .  In  all  cases  b o t h  in t h i s  a n d  in t h e  ea r l i e r  s t u d y  ~, t h e  e n z y m e  p r e f e r r e d  t h e  
D- to  t h e  L - c o n f i g u r a t i o n  of  t h e  a c c e p t o r  c o m p o u n d .  

Since ,  in  t h e  e x p e r i m e n t  o f  T a b l e  I I, no  a t t e m p t  was  m a d e  to  use  o p t i m u m  

c o n c e n t r a t i o n s  of  s u b s t r a t e ,  i t  w as  of  i n t e r e s t  to  f ind  t h a t  t h e  r e l a t i v e  p o s i t i o n s  of  t h e  

f o u r  p e n t i t o l s  w i t h  r e s p e c t  to  ease  of  p h o s p h o r y l a t i o n  was  u n c h a n g e d  a t  d i f f e r en t  

a c c e p t o r  c o n c e n t r a t i o n s  (Fig. 6). W h e n  p h o s p h o r y l a t i o n  was  s t u d i e d  as a f u n c t i o n  of  

Biochim. Biophys. Acla, 250 (I97I) 5oI-5I  3 
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T A B L E  l I  

A C C E P T O R S  I N  P P I - P H O S P H O T R A N S F E R A S E  R E A C T I O N  

React ions  were run for io  rain a t  3 ° '  wi th  [.o M acceptor  compound ,  o.o 5 M rad ioac t ive  pyro- 
phospha t e  in ace ta te  buffer (pH 5.2) and  microsomal  enzyme  a c t i v a t e d  wi th  NH4OH. The quan-  
t i t y  of sugar  phospha t e  or sugar  alcohol phospha t e  formed was de t e rmined  by  the isotope proce- 
dure descr ibed in ,~IETHODS. Values are given re la t ive  to the  q u a n t i t y  of glucose (~-phosphate 
formed ( taken as ~oo) wi th  the  same enzyme  a t  the  same t ime  bu t  wi th  an o p t i m u m  concen t ra t ion  
of glucose (0. 4 M). The values  for I)- and L-galactosc aud ga l ac t i t o l  are t a k e n  from an ear l ier  
s tudyL 
Values represent  phosphory l a t i on  re la t ive  to glucose 6 -phospha te  format ion.  

Pcntoses Corresponding penlilols 

I~- Ribose 21 Ribi to l  44 
o-Xylose  i Xyl i to l  12 
L-Xylose o 
D-Arabinose 13 I) Arabi to l  86 
L-Arabinose 2 L-Arabitol  14 
I)-l ,yxose o 
L-I,yxose o 

Hexoses Corresponding hexitols 

l)-Mannose r,~6 D-Mannitol 32 
o-( ;a lac tose  43 Galac t i to l  IO 
L-(;alactose 2 3 
D-Glucose (I M) 92 D-Sorl)itol 2= I 
D-Glucose (0. 4 M) ~oo 

acceptor concentration with constant PPi, pH and enzyme preparation, D-arabitol 
was a more effective acceptor than ribitol, while L-arabitol and xylitol were much less 
effective. The apparent Km for D-arabitol from this data was I. 7 M. The specific 
activity of the enzyme in the phosphorylation of D-arabitol at nearly optimum sub- 
strate concentration ( >  2 M) was approximately equal to that for phosphorylation 
of optimal concentrations of glucose (0. 4 M) or glycerol ( >  2 M) (ref, 4). Vmax in all 
three cases, with activated enzyme preparations, was about o.4-o. 5 Fmoles of phos- 
phorylated product formed per rain per mg of microsomal protein. 

o 0 . 4  D-orobi lol  

~ 03 

~k , i i i 

.5 I . O M  1,5 2 .0  

£ C E P T O R  SUBSTRATE ] 
Fig. ~). Pent i to l  phospha t e  format ion  from PI ' t  by  t rans fe rase  ac t iv i ty ,  as a func t ion  of accep tor  
concent ra t ion ,  a2Pt'i was c o n s t a n t  a t  o.o 5 M and  the  reac t ions  were run  a t  the  same t ime  wi th  
the  same microsomal  enzyme prepara t ion ,  a c t i v a t e d  wi th  NH4OH, and  different  concen t ra t ions  
of the sugar  alcohols. The q u a n t i t y  of pen t i to l  phospha t e  formed was de te rmined  by  the isotope 
method.  

Biockim. Bwphys. Acta, 25o (t97 T) 5ot 5t3 
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"FABLE l l I  

PPI- -RIBITOL PHOSPHOTRANSFERASE ACTIVITY OF LIVER MICROSOMES OF VARIOUSLY TREATED RATS 

Enzymatic assays were carried out at 3 °o using 0.04 M radioactive PPi, 2 M ribitol, o.i M acetate 
buffer (pH 5.2) and aliquots of microsonlal preparations equivalent to approx. : nlg of protein 
per ml of reaction mixture. NH~OH pretreatment consisted of exposure of enzyme preparations 
containing about io nag protein per ml to o.i M NH4()H for 15 rain at 3 °0 (pH about 9.8). Values 
reported are averages of those obtained using three individual rats in each group. 

Condition of Mierosome Enzyme activity (itmoles ribitol Activation 
rats fraction phosphate formed per rain per (%) 

Normal, fed 

Norlnal, fasted 

Diabetic, fed 

mg protein) 

Untreated NH40H preteated 

Total O. l l  3 0.241 113 

Total o.183 o.416 127 

Total o. 239 0.834 249 
Rough 0.349 
Smooth o.2 t 9 

Elevation of PPi-ribitol phosphotransferase activity in livers of fasted and diabetic 
animals 

The rates  of synthesis  of  r ibi tol  5 -phosphate  by  l iver  microsomes of normal  fed, 
normal  24 h fas ted  and a l loxan-diabe t ic  ra ts  were compared  (Table III). The specific 
ac t iv i ty  of the  enzyme was e leva ted  b y  about  60% in fas ted  and b y  more than  i o o %  
in diabet ic ,  compared  with normal  fed animals.  P r e t r e a t m e n t  of the  microsomes in 
vitro with NH4OH under  op t imal  condi t ions resul ted in an enzyme ac t iva t ion  of more 
than  IOO~o for fed and fas ted  and  about  250% for the  diabet ic  animals.  In  these 
pa rame te r s  the  phosphory la t ion  of  r ibi tol  closely paral le led t ha t  of glucose 19,3 and of  
glycerol  3. When  unac t i va t ed  rough and smooth  microsomal  subfraet ions,  p repared  by  
differential  cent r i fugat ion  2°, were the  source of the  enzyme,  the  specific ac t iv i ty  of the  
P P i - r i b i t o l  phosphot ransferase  was found to be higher in the  rough than  in the  smooth  
membranes .  This is in accord with the  results  ob ta ined  when the glucose 6-phospha-  
tase and PPi -g lucose  phosphot ransferase  act ivi t ies  of rough and smooth  p repara t ions  
were s tudied  2:. 

D I S C U S S I O N  

The evidence presented  suppor t s  the  hypothes is  t ha t  the  enzyme responsible 
for the  phosphory la t ion  of  r ibi tol  and  the o ther  pent i to ls  s tud ied  is p robab ly  ident ica l  
wi th  microsomal  glucose-6-phosphatase .  This membrane-bound ,  phosphol ip id-  
dependen t  enzyme has an acid p H  op t imum and no requi rement  for added  cofactors.  
Once p ic tured  as re la t ive ly  specific in i ts cata lys is  of  glucose 6-phosphate  hydrolysis ,  
it  has been shown to be ra the r  non-specific both  wi th  respect  to the  phosphory l  donor  
and the phosphory l  acceptor  compounds  with which it will react .  Among  the com- 
pounds  which have been shown to be, in va ry ing  degrees, act ive donors in the phos- 
phory la t ion  of  glucose b y  this crude microsomal  membrane  enzyme are glucose 6- 
phosp hate22,~3, PPi  (refs. 5,24,26), var ious  nucleoside tr i-  and  d iphospha tes  27, phos- 
pho ramida t e  28, and  ea rbamyl  phospha te  ~9. 

Biochim. Biophys. Acta, 25 ° (1971) 5Ol-513 
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\Vhereas the principal acceptor for the transfer <>f Pi by the enzyme is probably 
normally water, a large number of other compounds have been found to be adequate 
as acceptors in the phosphotransferase reaction. In a direct study of the enzymatic 
synthesis of sugar and sugar alcohol phosphates with radioactive PPi we found that 
most hexoses, pentoses and heptoses and their derivatives serve, in varying degrees 
as acceptors ~. The present study confirms and reinforces our earlier conclusions ~ as 
to the reacting groups and configurations faw)rable for the binding of acceptor suh- 
strates to enzyme in the PPI phosphotransferase reaction. While the principal require- 
ment for an acceptor molecule is the occurrence o f  a priinary alcohol group, the 
configuration of the remainder of the molecule is of great importance in determining 
the relative ease of l)ht)sphorylati<>ta. The phosphotransferase even differentiates 
between the two seemingly identical primary alcohol groups of glycerol 4 and ribitol. 
I n  all  cases studied, compounds with the D-configuration on the penultimate carl)on 
at<)m were more efficient acceptors than their corresponding L-antipodes, This w a s  

true for galactose, altrose and arabinose studied earlier 1 and is now seen to apply to 
t h e  c<)rresponding reduction products, 1)- and I:arabitol. The primary alcohol group 
<)f ribitol which is preferentially t)hosphorylated by PPi and the m i < ' r o s o n m l  e n z x : m e  

is that which is adjacent to the C atom with the i>-configuration in the corresponding 
pentose. The qualitative and roughly quantitative similarity between the relative 
ease of phosphorylation of specific acceptor compounds and the rates of hydrolysis 
<>f the corresponding phosphorylated compounds has been discussed in our earlier 
paperh 

ACKNOWLEI)GMF~NT 

This work was supported bv grant AM-o7270 from the National Institutes of 
Health, U.S. Public Health Service. 

R 1:1;E 1~ F N C  [".S 

1 M. R .  STETrFN,  .]. l¢iol. Chem.,  240 ( I965)  2248 .  
2 11"1':\(" I I;l~ ( ' o m m i s s i o n  on  Biochemical  Nomenclature ,  ,]. Biol.  Chc~n., 242 ( I907)  4345  , 
3 M. R. SrV:TTEX, t~iochim. B i o p h y s . . 4 e t a ,  2oS ( i 9 7  o) 394.  
4 M. R, STET'I'EN AND I). 1)tOUNBEHLER, ,]. l~iol. Chem.,  243 (1968) lS23 .  
.5 M. It. STETTEN, .]. ]~iO]. Cht'ltl., 239 (1964) 3576.  
(, J .  I{AI)I)ILEY, J .  (;. ]:~L;(H,\NAN, l{. (~ARSS ANI) :~. 1). MATItlAS, .]. Chc~n..5oc.,  (1950) 45S.L 
7 l ' .  A. LEVENF, S. A. HAI~.RIS AXD E. T.  STILI.ER, ,]. Biol.  Che~n., l o  5 (1934) I52{- 
,S J .  |{ADD1LEY, J .  (;. BI_CHANAN AND B. CARSS, J .  Chem. Soc., (1957) 1869. 
() 1.. (;LASER, Bioch im.  t; ioDhys.  Acta, 67 (1963) 525.  

lO L. (]LASER, ill I?.. ]~'. NEUFFI_I) AND V. (;INSBI'R(-i, Methods  in l:.n:ymoloj,9,, Vol. S, A c a d e m i c  
Press, N e w  Y o r k ,  1966, p,  24o.  

t l J .  I{ADDIL~;'~L J .  (; .  t'~UCHANAN AND B. CARSS, .]. Chem. Soc., ( I957)  4o58 .  
I 2 1~. 1;, Lt,:LOIR *XD ( ' .  I"-. (;ARDIXI, in M. I;LORKIN" ANI) E. H .  STOTZ, Comprehensive Diochemistry, 

Vol. 5, l{ lsevicr ,  A m s t e r d a m ,  I963.  p.  ~25, 
t 3 P. A. LEVENI~ AXD E. T.  STILLER, J .  Biol.  Chem.,  IO 4 (~934) 29~). 
14 I;. 
15 R. 
16 R. 
17 M. 
lb  M. 
i<) ( ' .  
2o (;. 

j .  SIMPSON ANI) W. A. WOOD, ,]. Bio[. Chckll., 230 (195 s) 473- 
I.. AYDERSON, Methods  1,2nzymol., 9 (~966) 48 . 
K. CR,XNF, Ncicmc,  I27  0 9 5 8 )  285. 
]~, %'FETTEN AND [?. |?. I~URNETT, Biochb~t. B iophys .  Acta,  12~ ( r966)  344,  
I)~xoN, tJiochcm. J . ,  55 ( I953)  I7O. 

J .  l:ism~.R AXI~ M. R. STFTTEN, [~iochim. B iophys .  Acta,  t 2 i  (1966) to2 .  
I)AIA.NER, P..%IEI-:I,:VITZ AND (;. F .  PALADE, J .  col[ Biol.,  3 ° ( t966)  73.  

ll i<,chim. 14 iophys.  ,4 cta, 25o ( I971)  5 o 1 - 5 1 3  



ENZYMATIC SYNTHESIS  OF D-RIBITOL 5-PHOSPHATF~ 513 

21 M. t¢,. STETTEN AND S. B. (•ttOSH, Biochim. l~i~ph3's. ,~lcla, 233 (~97 jc) I63. 
22 I,. F. EIAss AND W.  l,. I'{YRNE, J. ;4m. Chem. Sod., 82 (196o) 047. 
23 It ,  l,. SEGAL, .[. 3 m .  Chem. Soc., ~I (1959) 4o47. 
24 (;.  W. |{AFTER, ,1. Biol. Chem., 235 (I96O } 2475. 
25 |{. C. NORDLIE .aND \V. J.  ARION, .]. Pliol. Chem., 239 (1964) 168o. 
26 ~'], l{. STETTEN AND H. I,. TAP'T, ,/r. t:?io[. Clz('m., 239 (I964) 404 I. 
27 l{. (.'. NORI)LIE AND \V. J.  ARION, .]. I~i(d. C;ht'~., 240 (1965) 21.55. 
28 R. I)ARVIN AND l{. A. SMITH, t-liochcmistry, S ( t969)  t748.  
29 J.  i).  LuEcb:  AXD R.  C. NORDLtE, Fed. Proc., 3 ° (~97 l) I246.  

t{iochim. Biophys. Acla, 25 ° ( t97  t) 5o~ 5 t 3  


