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c-Ribulose-5-phosphate- D-xylulose-5-phosphate stereoisomerase 
and its role in L-arabinose fermentation* 

L-Arabinose fermenta t ion  in Lactobacillus pentosus 1 and Aerobacter aerogenes 2 is initiated by  the 
action of L-arabinose - L-ribulose isomerase. L-Ribulose is phosphory la ted  by  ATP** in the presence 
of a kinase which has  been purified from A. aerogenes 3. L-Ru-5-P has been identified as the phos- 
phory la t ion  produc t  a. L-Arabinose, or L-ribulose plus ATP are converted by  crude extracts  of 
A. aerogenes ~ and Propionibacterium pentosaceum 4 to arabinose, ribulose, xylulose, ribose, heptulose, 
fructose, and glucose phosphates .  In  addition, D-G-3-P is formed from L-ribulose plus ATP, bu t  not  
f rom L-G-3-P 2. Hence, it has  been postulated~, ~ t ha t  L-arabinose is t ransformed into a D-pentose 
phospha te  prior to metabol ism via the t ransaldolase- t ransketolase  and glycolytic pa thways  6. 

We now wish to report  the finding of an enzyme which catalyzes the reaction: 

O O OH 
!l H H II H I 

C H ~ O H - - C - - C - - C - - C H 2 O P O 3 ~  ~ C H ~ O H - - - C - - C - - C - - C H ~ O P O 3  ~ 
I k I H 

OH OH OH 

L-Ru-5-P D-Xu-5-p 

(i) 

* Suppor ted  in pa r t  by  a Grant-in-Aid from the National  Science Founda t ion  and f rom the  
Rockefeller Foundat ion .  The Authors  gratefully acknowledge the  generosity of Dr. B.L.  HORECKER 
who made available unpubl ished manuscr ip t s  and exper imental  materials.  

** Abbreviat ions:  ATP = adenosine t r iphosphate ;  Ru-5-P = r ibulose-5-phosphate;  G-3-P = 
glyceraldehyde-3-phosphate;  D-Xu-5-P = D-xylulose-5-phosphate;  D-R-5-P = D-ribose-5-phos- 
pha te ;  D P N  and D P N .  H = oxidized and reduced diphosphopyridine nucleotide ; C- 3 epimerase = 
D-phosphoketopentoepimerase ;  C- 4 stereoisomerase = L - r i b u l o s e - 5 - p h o s p h a t e -  D-xylulose-5- 
phospha te  stereoisomerase;  TCA = trichloroacetic acid. 

*** Until  suitable nomencla ture  can be established, stereoisomerase is provisionally employed 
to describe the abili ty to convert  the subs t ra te  into its stereoisomer. 

This enzyme, terlned L-Ru-5-P - D-Xu-5-P (C-4) stereoisomerase***, has been purified by 
t reat ing extracts  wi th  protamine,  followed by precipitat ion wi th  a m m o n i u m  sulfate and by  calcium 
phospha te  gel adsorpt ion and elution. An inability to assay crude extracts  has  prevented an 
est imate of the purification achieved ; however,  the L-ribulokinase obtained in another  a m m o n i u m  
sulfate fraction in the  final step of the  same procedure was  purified 2oo-fold 8. The stereoisomerase 
was free of phosphoketopentoepimerase  (C- 3 epimerase)LS, L-ribulose - L-arabinose isomerase, 
t ransketolase  and D-G-3-P dehydrogenase,  bu t  contained L-ribulokinase. 
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Stereoisomerase activity was measured as the rate of D-Xu-5-P formation in tile following 
system : 

D-Xu-5-P Transketolase 9 D-Sedoheptulose-7-P 
÷ ~ + (2) 

D-R-5-p D-G-3-p 

D-G-3-P D-G-3-P Dehydrogenase 1° D-3-Ph°sph°glycerate 
+ ~ + (3) 

DPN AsO4~ DPN. H 

As shown in Fig. i, DPN reduction was completely dependent upon added L-Ru-5-P, D-R-5-P, 
and C- 4 stereoisomerase. G-3-P dehydrogenase, and transketolase also were necessary. D-R-5-P 
did not reduce DPN (Fig. i, "W/O L-Ru-5-P" ). Since the transketolase preparation contained 
phosphoriboisomerase, the lack of DPN reduction indicates that  C- 3 epimerase was not present. 
Substituting a C- 3 epimerase from Lactobacillus pentosus 8 for C- 4 stereoisomerase caused DPN 
reduction from either L-Ru-5-P or D-R-5-P. L-Ru-5-P did not reduce DPN with a C-3 epimerase 
purified 5o-fold from brewer's yeast 11. Thus C- 4 stereoisomerase is distinct from C- 3 epimerase. 
The C- 3 epimerase from L. pentosus was presumably contaminated with C- 4 stereoisomerase. 
Triphosphopyridine nucleotide, uridine triphosphate, and inorganic pyrophosphate, did not 
stimulate the rate of DPN reduction by the complete system. In addition, a-xylose-i-phosphate 
and xylose-5-phosphate* did not cause DPN reduction. In the same system, L-G-3-P did not 
yield D-G-3-P as measured by DPN reduction ~. Therefore a donor of the L-configuration, although 
possibly a substrate for transketolase, would not yield D-G-3-P and be observed as DPN reduction. 
Since D-Xu-5-P, rather than D-Ru-5-P, is the glycolaldehyde donor for spinach transketolase ~,9, 
these results provide substantial evidence that  C- 4 stereoisomerase catalyzes reaction (I). 

L-Ru-5-P ~ o-XUlS-p 
"C-4 ISOMERASE" 

! I I ~ / 
0 7.5~COMPLETE SYSTEM ~ i  

4 5 ~ J l - -  W]  
o 

/ 'c-4 esoMm~" 

Z. ! 21k : : - - - i - r  
0 I 3 4 

MINUTES 

Fig. I. D-Xu-5-P formation from L-Ru-5-P by a purified enzyme 
from A.  aerogenes. The complete system contained 5/,moles glycyl- 
glycine, pH 7,5, 5/ ,moles Na glutathione, 8. 5/*moles Na arsenate, 
o.2/,mole cocarboxylase, 0.25/,mole DPN, 2/,moles MgCI,, 2/,moles 
D-R-5-P, 0.68/,mole L-Ru-5-P, 0-53 units of spinach transketolase, 
153/*g crystalline muscle G-3-P dehydrogenase, 7.8/*g C- 4 stereo- 
isomerase, and water to 0. 5 ml. The transketolase was free of C- 3 

epimerase but contained phosphoriboisomerase. 

The conversion of L-Ru-5-P to D-XU-5-P also was measured in the following system: 

D_Xu_5_p C-3 Epimerase n e ~-Ru-5-P (4) 

D-RU-5-P Phosphoribulokinase12 D-Ru-I,5-P 
+ ~ + (5) 

ATP ADP 

ADP ~ or alkali labile phosphate 12 was determined on aliquots removed at intervals. As shown 
in Table I, C-4 stereoisomerase, C-3 epimerase and phosphoribulokinase were necessary for ADP 
formation; the addition of DPN to the complete system did not stimulate the rate of ADP 
formation. 

34/~moles L-Ru-5-P incubated with C-4 stereoisomerase yielded i I / ,moles D-Xu-5-P as 
measured enzymically. The reaction mixture was treated with acid phosphatase is, deionized with 
IR-Izo(H +) and IR-45(OH- ) and chromatographed on Dowex-i borate (i.2 sq. cm × 24.6 era) 14,15. 
Two peaks were located by the cysteine-carbazole 16 and orcinol pentose 1~ determinations. The 
peaks' were freed of borate la, concentrated in  vacuo and characterized by the cysteine-carbazole 
test ~, the orcinol spectra ~, and by paper chromatography (Table II). 

* We are indebted to Dr. R. "W. WATSON for gifts of a-xylose-i-phosphate and xylose- 5- 
phosphate. 
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T A B L E  I 

THE CONVERSION OF L-RIBULOSE-5-PHOSPHATE TO D-XYLULOSE-5-PHOSPHATE BY 
A PURIFIED STEREOISOMERASE FROM A.  aerogenes 

The  i ml  reac t ion  m i x t u r e  con ta ined  4 ° # m o l e s  t r i e t h a n o l a m i n e  buffer,  p H  8. 3, 2 / , m o l e s  Na  
g lu ta th ione ,  5 #mo le s  MgC12, 3 #mo l e s  ATP,  i .4 #mo l e s  L-Ru-5-P,  8.3 un i t s  phosphor ibu lok inase  12, 
o.74 un i t s*  ep imerase  f rom brewer ' s  yea s t  n ,  and  39 #g  purified s te reo isomerase  as indica ted .  
Af ter  io  m in  a t  37 °, t he  t u b e s  were boiled 5 rain and  0.05 ml  a s sayed  for A D P  wi th  t he  p y r u v a t e  

kinase- lact ic  dehydrogenase  s y s t e m L  

Enzyme additions #mole ADP/zo rain 

Comple te  s y s t e m  o.684 
Comple te  s y s t e m  m i n u s  phosphor ibu lok inase  o.o87 
Comple te  s y s t e m  m i n u s  s te reo isomerase  o.127 
Comple te  s y s t e m  m i n u s  ep imerase  0.o87 

* I un i t  = I #mo le  D P N . H  fo rmed  per  m i n u t e  unde r  condi t ions  descr ibed in Fig. I. R-5-P  
was  t he  subs t r a t e .  

T A B L E  II  

IDENTIFICATION OF PENTULOSES ELUTED FROM DOWEX-I BORATE 

Pentulose 
Cysteine-carbazole Paper chromatography * 

development Orcinol spectra 
Dimethyl** (rain) Es*°/E°~° R F Orcinol-TCA * * phenaline 

Peak  i ) 60 0.46 0.50 Steel g r ay  Purp le  
Peak  2 ~ 15 o.91 0.62 Brownish  g ray  Rose*** 
Xylu lose  s t a n d a r d  > 6o 0.50 o.48 Steel g ray  Purp le  
Ribulose  s t a n d a r d  ~ 15 o.83 o.59 Brownish  g ray  Rose*  ** 

* W h a t m a n  No. i ,  descend ing  w a t e r - s a t u r a t e d  phenol  a t  room t empe ra tu r e .  
* *  As modif ied by  M. I. KRICHEVSKY and  W. A. W o o d  TM. 

*** Orange  f luorescence unde r  u l t rav io le t  l ight.  

Peak  I (after 476 ml  of o . o 2 M  borate)  con ta ined  2.66 #mo le s  xylu lose  and  peak  2 (after 
413 ml  of o . o 3 M  borate)  con ta ined  5.1 #mo l e s  ribulose. Xylu lose  was no t  fo rmed in a control  
con ta in ing  L-ribulose which  was t r ea ted  in the  same  m a n n e r .  112 #mo le s  xy lu lose  isolated by  t he  
s a m e  procedure  was  of the  D-conf igurat ion ( [a]~ = - - 3 6 . 5 ° ;  a u t h e n t i c  D-xylulose 8 [a]~  = - - 3 6 . 8 ° ) ,  
and  was  devoid of L-xylulose as m e a s u r e d  by  t he  T P N- l i nked  L-xylulose-xyl i tol  dehydrogenase  
of gu inea  pig liver m i tochond r i a  ~0.. T h u s  t he  change  f rom L- to D-configurat ion is accompl i shed  
by  t he  convers ion  of L-Ru-5-P  to D-Xu-5-P  , a reac t ion  ca ta lyzed  by  C- 4 s tereoisomerase .  

Laboratory o/ Bacteriology, Department  o] Dairy  Science, University o] Illinois, M . J .  WOLIN** 
Urbana, Ill. (U.S .A. )  F . J .  SIMPSON*** 
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On the mechanism of the lipolytic action of the lipaemia-clearing factor 

In  a s t u d y  of t he  compos i t ion  of t he  m i x t u r e  of glycerides fo rmed  dur ing  t he  hepa r in - induced  
l ipaemia-c lear ing reac t ion  1 it  was  found  t h a t  t he  reac t ions  t r i g lyce r i de s - -~  diglycerides  and  
diglycerides ---+ monoglycer ides  proceeded a t  r a the r  s imilar  rates .  In vitro as well as in vivo the re  
was  du r ing  t he  earlier phase  of t he  reac t ion  a considerable  a c c u m u l a t i o n  of monoglycer ides ,  
i.e. t h e  reac t ion  monoglycer ide  - ->  glycerol proceeded re la t ive ly  slowly. This  sugges ted  t h a t  t he  
c lear ing fac tor  m i g h t  have  a spec i f c  ac t ion  on t he  a-es ter  bond  in t he  glyceride molecule.  I f  t h a t  
was  so t he  resu l t ing  ~-monoglycer ide  would  no t  be so readi ly  a t t a cked  and  t h u s  the  monoglycer ide  
concen t r a t i on  would  increase.  A fu r the r  inves t iga t ion  of th i s  possibi l i ty  is p resen ted  in th is  paper .  

R a t  chylomicrons ,  ob ta ined  af te r  c annu l a t i on  of t he  thorac ic  duc t  s, were f lotated in a Spinco 
u l t r acen t r i fuge  and  washed  twice in s l ight ly  buffered saline. The  purified chy lomicrons  were 
i ncuba t ed  wi th  pos t  hepar in  c lear ing factor,  p repared  f rom h u m a n  p l a s m a  according to NIKKIL.Xfl, 
in t he  presence of 5% h u m a n  s e r u m  a lbumin .  IO m g  1-14C-oleic acid dissolved in 5 o  s e rum 
a l b u m i n  solut ion were added  to t he  reac t ion  m i x t u r e  t h a t  had  a final v o l u m e  of 2,ooo ml, t he  
final concen t r a t ion  of glyceride being 2 mg/ml .  T he  reac t ion  was carr ied ou t  a t  37 ° in a p h o s p h a t e  
buffer,  p H  7.5, and  ionic s t r e n g t h  0.05. 

The  optical  dens i ty  a t  700 m/* was  regis tered  and  a t  different  t ime  in te rva l s  ioo  ml  of tile 
i ncuba t ion  m i x t u r e  were ex t r ac t ed  wi th  2 1 a lcohol-e ther  (3:I). Af te r  f i l trat ion,  t he  ex t r ac t s  were 
concen t ra ted  to a smal l  v o l u m e  unde r  reduced  pressure  a t  6o ° C. The  res idue  was  r epea ted ly  
ex t rac ted  wi th  l igh t  pe t ro l eum ether,  t he  combined  ex t r ac t s  dried wi th  sod ium su lpha te  and  
t a k e n  to d ryness  in vacuo. The  phosphol ip ids  were sepa ra ted  off on a silicic a c id  co lumn  ~, and  
to ob ta in  comple te  separa t ion  the  phosphol ip ids  were a f t e rwards  p rec ip i t a ted  wi th  ace tone  and  
MgC1 s in t he  cold. The  glycerides  and  t he  free f a t t y  acids  ob ta ined  f rom the  silicic acid co lumns  
were sepa ra ted  on c o l u m n s  of t he  i on -exchange r  IRA-4oo  5. Tri-, di- and  monoglyce r ides  were 
sepa ra ted  ch roma tog raph i ca l l y  on a silicic acid co l umn  e, us ing  io g silicic acid for a b o u t  zoo m g  
glyceride mix tu re .  The  glycerides were saponif ied and  t he  f a t t y  acids  sepa ra ted  f rom the  un -  
saponif iable  m a t t e r  by  ex t r ac t ion  5. 

R a d i o a c t i v i t y  was de t e rmined  af ter  m o u n t i n g  i m g  of f a t t y  acid on a l u m i n i u m  planchet tes .  
At  least  i ,ooo coun t s  were counted .  

The  specific ac t iv i t ies  of t he  phosphol ip id  f a t t y  acids  were in all f ract ions  less t h a n  L % 
of the  specific ac t iv i t ies  of t he  free f a t t y  acids. The  t races  of ac t iv i ty  found  in these  f rac t ions  
were p robab ly  c o n t a m i n a n t s  f rom t he  o ther  lipid fract ions.  

In  Fig.  I (upper  par t)  t he  course  of t he  hydro lys i s  can  be followed f rom the  decrease in 
optical  dens i ty  and  the  release of f a t t y  acids. Af ter  a b o u t  6 h, the  react ion had  reached  a s t a te  
of equi l ib r ium where  the  optical  dens i ty  r ema ined  pract ica l ly  c o n s t a n t  and  no add i t iona l  a m o u n t s  
of f a t t y  acids were released. The  specific ac t iv i ty  curves  for the  free f a t t y  acids  and  g]yceride 
f a t t y  acids  are seen in the  lower pa r t  of t he  s ame  figure. As is appa ren t ,  there  was  a rap id  in- 
corpora t ion  of t he  labelled free acid into t he  f a t t y  acids  of the  glycerides  s i m u l t a n e o u s  wi th  
a di lut ion of the  labelled free acid wi th  acids  released f rom the  glycerides.  Af ter  a few hours  
the  specific ac t iv i ty  curves  for the  free f a t t y  acids  and  the  glyceride f a t t y  acids  are roughly  
parallel,  indica t ing  t h a t  an  equi l ib r ium has  been reached.  Here,  however ,  the re  is still a difference 
in the  specific ac t iv i t ies  of t he  two fract ions,  t he  specific ac t iv i ty  of the  glyceride f a t t y  acids 
only  reaching  a round  6o % of t h a t  of t h e  free f a t t y  acids. The  specific ac t iv i ty  of t he  glyceridc 
f a t t y  acids re la t ive to t h a t  of t he  free f a t t y  acids  is seen in t he  smal l  figure included in t he  lowel 
pa r t  of Fig. i .  Th is  difference in the  specific ac t iv i ty  of the  glyceride f a t t y  acids  and  t he  fre( 
f a t ty  acids indicates  t h a t  onIy pa r t  of the  glyccride f a t t y  acids  are exchangeable .  


