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S U M M A  I~a( 

The part ia l  purification of  a r ib i toLs-phosphate  dehydrogenate  from Lactob.~cill,,s 
plant .arm (ATCC 8oi4) is described.  The enzyme has linen shown to catalyze the 
react ion 

TPN ~ TPNH 
r~--~bitol 3-phcmphe~t~ + or  ,# D-ribu[o~e 5-|>hosph~,t,: + or + ]{+ 

D P N  ~ D P N H  

INTRODUCTION 

In  1954 BADDILEY ^~D MATHIAS x described the isolation of  COP-ribi tol  and later  
the  presence of  r ibitol  teichoic acids (a family of sub~titutexi polyribito! phosphates)  
in a var ie ty  of  gram-posi t ive bac t e r i # .  The  enzymic svnthesis  of  CDP-ribi tol  from 
D-ribitol-5-P and CTP has been descr ibed b y  SHAW a. No e n z y m ~  which specifically 
cata lyze  the  synthes is  of  D-ribitol-5-P have been isolated al though an apparent ly  
tmspecific aldose reductase  from si lkworm blood will ca ta lyze  the reduct ion of  o- 
r ibose-5-P to  D-ribitol-5-P (see ref. 4)- We  wish to repor t  the  part ia l  purification of  
an  enzyme  which c a t a l ) ~ s  the  formation oi ~b i to l -5 -P  from D-ribulose.3-P, using 
ei ther  D P N H  or T P N H  as a hydrogen donor.  

EXPERIMENTAL 
Mataria2s 

Laa0bact'Uus #Lantarum (ATCC 8o14) was grown in a medium oQntalning per 1: 
4 g of  Difco yeas t  extract ,  xo g of  Difco nutr ient  broth,  ro  g of  r~ l ium aceta te .  
o.a g o f  MgSO, .  7 HaO , o.ox g of  NaCI, o.o!  g of  Fea(SOi)s. 9 HtO,  o.oz g of  MnSOa" 
7 H t O  and  ao g of  glucose. An mocu ium from a ~iab w ~  g~o'~.~ in Too nfl of  this 
medimm~for xa h, and  6 ml  -,f this cul ture  were used to inoculate 3 ! o f  med ium in a 6-! 
Er lenmzyer  flask and  the  cul ture  allowed to  grow for xz h a t  37 °. The ceils f rom x8 1 of  
cu l ture  med ium were bin-vested b y  centrifugaGnn and  washed tw~:ce wi th  4oo nfl of  
o.o5 M T~'~-HCl~o.oot M E D T A  (p i t  8.o). The ceEs were fmaUy suspended in a 
mininml vo lume of  o.o5 M Tris~HCl-o.ox M MgCtt-o.ooz M E D T A  (pH 6-0) ~ d  
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lyophilizcd. The lyoph'  "-flized powder  could be s tored for at least 3 weeks a t  ~ 2 o  ° 
wi thout  loss of  act ivi ty.  

~ . R i b u l o ~ - 5 - P  was prepared by  the me thod  of  Hom~cKat~'. The 6-phospho- 
gluconic acid dehydrogenases  used contained r i txJ~-5-P isomcrase and the final 
product ,  even after column chromatography ,  was con tamina ted  with some ribose-5-P.  
Pentose  was de termined by  the orcinol m e t h o d  e, with  a 4o-min heat ing period in a 
volume of r.5 ml. Ribulose was determined b y  the cyste ine  carbazole react ion ~ 
using authent ic  r i b d o s e  as a s tandard .  Ribulose-5-P was de te rmined  b y  the same 
method  after  removal  of  the phospha te  wi th  chromatographical ly  purified E-chcrichia 
coil phosphatase  (Wowthington Biochemical  Corporation),  thus  permi t t ing  the use  
of free ribulose as a s tandard  ~n ille colorimetric assay. Aldopenta.~es were de te rmined  
by  the phloroglucittol me thod  n. 

t~-Ribnh~e-o-nitrophenylhydrazone was obtainc~l from California Corporat ion 
for Bi~ychc-m~cal Re.~arch. Ribose-5-F from Schwar tz  Laboratories ,  D P N H  and 
T P N H  were obta ined from the Sigma Chemical Company,  R ib i to l - f -P  was prepared  
by  the methtxl of BADDILEY tit a / ,  9. 

Ribose-5-P isomerase wa_~ de te rmined  b y  incubat ing enzyme wi th  r ibose-5-P 
(see ref. to) under  the condit ions of  the  r ibi tol -5-P dehydrogena .~  assay.  At the  
end of  ineuV:ation, the  sugar phospha tes  were hydro lyzed  with E. coli p h o s p h a t a ~  
and the ribulose formed determinedL Prote in  was de te rmined  b y  the me thod  of  
WAI~BUaC; :_XD CXmSTl^N n. Pro tamine  sulfate was obta ined from Si~,ma Chemical  
Company.  Fresh solutions of  pro tamine  sulfate were prepared for the  enzyme frac- 
tior~ti_~n and neutralized to pH 7.o with KOH.  

As.say of ribitol-5-P dehydrogenase 

The reaction ntixture contained:  t o # m o l e s  of  Tns -HCI ,  o.2 l ,mole of  E D T A ,  
0.3/1mole of ribulo.se-5-P , o.x/~mole of  T P N H  and 500/~moles of  0anmonium aceta te  
in a final volume of  x ml {pH 7.8). Control react ion mixtures  conta ined  811 the  
components  minus ribulose-5-P. A b ~ r b a n c y  measurements  were t~keP at 340 m/~ 
ever 3' minute  in a Beckman spec t rophotomete r  the rmos ta t ed  at z5 °. In  all the  
enzwne  fractions except  the final pH-5  precipi ta te  (see below) r ibose-5-P could 
subs t i tu te  for r ibulose-5-P wi thou t  change of  act ivi ty.  

The enzyme could also be assayed by  measur ing T P N H  formation from ribitol- 
5 -P  and TPN.  The reaction mixture  conta ined xo /ano les  of  Tris--HCl, o.~ p~nole of  
EDTA,  z #moles  of ribitol-5-P, 5 / lmoles  of  T P N  and 5oo~mole s  of  a m m o n i u m  
ace ta te  in a final volume of I ml (pH 7.8). W i t h  the  crude extract ,  values obta ined  b y  
this &ssay are low due to the presence of  T P N H  oxidase. I uni t  is defined as the  a m o u n t  
of  enzyme required to  cata lyze  a change of o.ox absorbancy  unit/rain. The  dependence  
of  the  ac t iv i ty  on enzyme concentra t ion is shown in Fig. z. 

RESU L T ~  

PHrifu:ation of ribitol-5-P dehydrogcnas¢" 

x g of  d ry  cells was suspended in 8 ml of  o.o5 M Tris-HC1, o.oz M MgC11. o.oox M 

• All  s t e p s  in  t h e  e n z y m e  p u r i f i c a t i o n  w e r e  c a r r i e d  o u t  a t  3 °. A• p rec ip i t a to r s  w e r e  c o l l e c t e d  
b y  c e n t r t f u g a t i o n  a t  z2 c o o  × g f o r  t o  r a in .  A m m o n i u m  s u l f a t e  w a s  ~atur~Lt~t  a t  3 ° a n d  n e u ~ z e d  
w i t h  . N ' H . O H  so  t h a t  a I : 5 d i l u t i o n  h a d  a p H  c~f 7.5- 
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Fig. t. t)cpcndencc of ribitol-5-P dehydrogena~v activity on enzyme c~,,centration. Stand~r0 
assay conditions; tit.: enzyme was ammonium :~ulphatc ftatt:tion. 

E D T A  (pH 8.o),  s h a k e n  wi th  8 g o f  glass heads  in a Nossal  shake r  for th ree  3n-see 
pe r iods  be ing  coo led  in b e t w e e n  each  3o-.~ec per iod  in an  ice ba th .  T o  p r e v e n t  fc~'aming. 
a d r o p  o f  c a p r y l  a lcohol  was  added .  T h e  gla_~s h ead s  were  al lowed to  se t t l e  a n d  the  
s a ipe rna t an t  f luid cen t r i fuged .  T h e  beads  an d  p r ec ip i t a t e  were  wa_~hed twice  wi th  
5 ml  o f  t he  same  buffer .  

T h e  poo led  s u p e r n a t a n t  f luid was t hen  f r a c t i o n a t e d  wi th  p r o t a m m e  sulfate .  In  
a t y p i c a l  e x p e r i m e n t  as show.~ in T a b l e  I .  I8. 5 ml  o f  2 %  p ro t a rn in e  su l fa te  was 
a d d e d  to  t he  e n z y m e  ar .d  a f t e r  in  rag,, t h e  p r e c i p i t a t e  wa* col lec ted  b y  ce,Lt~ifugali , , ,  

T AI3LE l 

P L ' R I F I C A ' I ' I O N  OF" R I D I T O L - 5 - P  D E H Y O R O G E N A S P £  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
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Extract  64 o.0 i t 18o 
t .%1 amt~0ctaium acctatv cxtrat:t ¢~f 

protaminv precipitate 15 5-45 i : , co  
o--5o% ammonium sulphate fraction i z 8+0 71o 
pH-5. l p r e c i p i t a t e  '4 3 ° . o  1 7 o  

a n d  d i sca rded .  T o  t he  s u p e r n a t a n t  fluid an  ad d i t i o n a l  i6  ml  o f  2 %  p r o t a m i r ~  su l fa te  
were  ad.:~-,d a n d  a f t e r  In  ra in  the  p r e c i p i t a t e  w,~s co l lec ted  b y  c e n t r i f u g a t i o n  a n d  the  
s u p e r n a t a . l t  f luid d i sca rded .  

T h e  p r e c i p i t a t e  f r om the  s econd  p r o t a m i n e  a d d i t i o n  was w ash ed  wi th  2o ml 
o.~ M a m m o n i u m  a c e t a t e  ( p H  7.8) a n d  t h e n  e x t r a c t e d  for 0. 5 h w i th  z5 m |  o f  x M 
a m m o n i m . ,  a c e t a t e  ( p H  7.8). T h e  inso lub le  resk lue  was r e m o v e d  b y  c e n t r i f u g a t i o n  
a n d  d i s ca rded .  T o  the  s u p e r n a t a n t  fluid, c o n t a i n i n g  t h e  e n z y m e ,  was  a d d e d  an  e q u a l  
v o l u m e  o f  sa td .  a m m o n i u m  sul fa te ,  a n d  a f t e r  iS rain t h e  precib,~:.~- was  colle."t 1 
b y  c e n t r i f u g a t i o n  a n d  d i sso lved  in x M a m m o n i u m  a c e t a t e  ( p H  7.8j. 

T h e  , ' - t zyme was  t h e n  d i a lyzed  aga ins t  o . I 5  M a c e t a t e  buf fe r  ( p H  5.x) w i th  
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stirring for 4 h. FinaLly the precipitate was collected by  centr i fugat ion and  dis.~olved 
in ~ M a m m o n i u m  acetate  (pH 7,8). 

The enzyme can be kept  frozen at  all stages in the  purification for at  least a 
week wi thout  loss of  act ivi ty .  The s u m m a r y  of  a typical  preparat ion is shown in 
Table I. I t  has been folma necessary to pilot the protamine step wi th  ever 3- enzyme 
preparat ion,  siuce ~.b.z quanL~ty of  pro tamine  which will precipi tate  m~x~t of  the  
nucleic acid but  not  the enzyme,  varies from preparat ion to preparation.  

After  the protamine step the enzyme becomes unstable  at  low ionic strength° 
and dialysis of  this fraction against  o,z M phosphate  (pH 7.5) or o.z M Tris (pH 7-5) 
for 4 h leads to complete loss of  acti-rity. Precipi ta t ion at  pH 5.1 causes a relat ively 
large loss of  ac t iv i ty  but  serves to remove most  of the vibose-3-P isomerase. Re- 
precipitation of  the enzyme a t  pH 5.z does not  remove the last traces of  isomerase. 

In the  preparat ion shown in Table l, the enzyme at  the final stage had  an ac t iv i ty  
of z .gpmoles /h /nd  in the ribitol dehydrogenase  assay and  the. r iUo~ ;.~,~merase 
ac t iv i ty  wag o.7/~mole/h/ml of  enzyme.  

Properties of  ~tw enzyme 

When the most purified enzyme was tes ted with v-ribose-5-P and  D-ribulose-5-P 
~.g the substrate,  the results shown in Fig. 2 were obtained.  These results i nd ic t t e  
t ha t  the substrate  of  the  enzyme is ~-ribulose-5-P and  not  D-ribose-~-P. 

To confirm these observations,  enzymic oxidat ion of ribitol-5-P was carried 
out  on a larger scale and the product  identified by a coiorimetric test  and  paper  
chromatography.  

Tile reaction mixture  contained 50 pmoles of  Tris-HC1, z prnole of F~DTA, 
5 mmoh~g of ammonium acetate,  24/~mo1~ of  ribitol-5-P, 2.5/~moles of T P N ,  
zoo ~moles of  sodium pyruvate0 zo mg of crystall ine lactic dehydrogenase  a-Jd 75 uni ts  
of enzyme in a volume of 8 ml (pH 7.8). After z h at  37 °. the  solution was depro- 
teinized by the addi t ion of  z.5 ml of  4o% triehloroacetic acid to give a pH of  2.0. 
The precipitate was removed hy  centr i fugat ion at  3 °, and  the  superna tan t  fluid 
neutral ized vith Ba(OH)s t.o pH 6,5. After z h a t  o ~, the  pre=ipitate was removed 
by  ccntr i fugat ion and 4 vols. of e thanol  were added, After 4 h the  precipi ta te  was 
collected by centr ifugation,  waslled with 8 o 0  ethanol  and  ¢h'ied in  vacuo. 

The precipitate was dissolved in 0.03 M glycylglycine-o.oo3 M MgCIa (pH 7-5) 
and digested with  z m g  of  E.  coli phc~phatase for 3o rain. The solution was d~pro- 
te imzed with  perchloric acid and  neutral ized with  KOH,  After removal  of  insoluble 
KCI04 by centr ifugation,  the  ~olution was deionized by passage through an Amber-  
lite MB-3 ¢ 91umn. 

The deionized solution co'~tained o .~0 / ,~o le  of  ketopentose per mlv and  
o.x45/amole/ml of aldopentose a. "l%e ketopentose color reached its m a x i m u m  in 
Io mJn, the same as sn  au thent ic  ribulose s t anda rd  ~s-~4. In the orcinol test  t he  readings 
a t  540 mp  and  670 m/~ were consis~'ent wi th  a mix tu re  of ribulose and  ribose in the  
above proport ions ~. 

Paper  ch romatography  of  this solution, using phenol -water  ( 4 : z )  as the 
solvent,  indicated two compounds  with the  same Rw as an thent ic  ribose and  ribulose 
when sprayed with aniline phosphateOL When  sprayed with the  orcinol reagent  only 
a single ycUow spot wi th  the  mobi l i ty  o f  ribulose was seen which tu rned  red on over- 
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spraying  with aniline phosphate .  This  react ion is typical  of ribulose bu t  n~>t of  xylulo- 
s e " ,  re. These resuRs show t ha t  bo th  r ibose-5-P and ribulose-5-P were ob ta ined  by  the  
enzymic  oxidat ion ofrib:A,,l 5 P.  Uut the ratio of  r ibulose-5-P to  r ibose-5-P is x.3 : I and  
therefore  r ibulose-5-P is the  p r imary  produc t  of the enzyme reaction,  since at  equili- 
b r ium in the  r i b o ~  i s o m e r a ~  react ion this rat io would be 0.32 at  37 ° (see ref. Io). 

To  test  whe the r  the  red~tc*.i~m of  rihuio.~e-5-P by T P N H  was stereospecific, 
r ibulose-5-P was reduced  wi th  T P N H  and  the  r ib i to l -5-P Ibrmed was isolated as 
the  ba r ium salt. The  isolated mater ia l  was t r ea ted  with E. coli phosphata_~e and 
e h r o m a t o g r a p h e d  using py r id ine -e thy l  a ce t a t e -wa t e r  (2:7: : )  as the  solvent  ~. 
The  enzymic_ally formed mater ia l  gave a single spot with the  same Rv  as au then t ic  
ribitol,  bu t  di_stinct f rom arabitol ,  dbose  and ribulose. Since arabito] i.-: the  2-epimer 
o f  ribitol,  these r ~ u i t s  show t h a t  the enzymic  reduct iun of  r ibulosc-5-P yields only 
the r ibi tol  configurat ion a t  C-2 of  the sngar alcohol. 

T h e  enzyme will react  with D P N H  or DPN instead ,,f TPN H o:  T P N  at  approx.  
the same rate. TPNH was used as a substrate, ~dnce tl,e apparent oxidase acti,.'ity 
in crude ex t r ac t s  is much  ie~s for T P N H  than  for D P N H .  After  the  a m m o n i u m  
~ulfate f rac t iona t iun  the en-gymc is free. of  T P N H  oxid,~e ac t iv i ty .  The  enzyme will 
• ~ot  reac t  wi th  g l u c ~ e - 6 - P ,  fructose-6-1' ,  ribose, ribulo~:, nb i to |  or ar~_bitol. Tb_e 
K m for r i b u l o ~ - 5 - P  is ~.5. IO-t M (Fig. z). "/he Km fur T P N H  is approx.  9" zo-S M. 
T h e  e nz yme  is not  s t imula ted  by  the addi t ion of Mg ~* and has a pH  o p t i m u m  of  7.5. 
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Fig .  z. S u b s t r ~ t e  s p e c i f i c i t y  o f  r l b i ~ o l - 5 - F  d e h y d r o ~ e n a ~ o .  T h e  s t a u d a r d  r ~ I c t i o n  m i x t u r 0  w a s  
u s e d  w i t h  t h e  f o l l o w i n g  s u l ~ t c  a d d i t i o n s .  C u r v e s  A &nd C: o . t  p m o l e  o f  r i b u l o ~ - S - P ,  t h o  
s o l u t i o n  c o n t a i n e d  o .045  ~ m o l e  o f  r l b o s c - 5 - P .  C u r v ~  B a n d  D:  o . x / , m o l e  o f  riboso-5-P, the 
s o l u t i o n  c~nta lr ted  o , o ~ 6 / ~ m o l e  o f  r / b u l o s e - 3 - P .  All  t u b ~  c o n t u s e d  r/bitol-$+P dehytirogena~ 

p r e c i p i t a t e d  a t  p H  5- t. Curveg  C a n d  D c o n t a i n e d  iu adePt /on  r i b o s e - $ - P  isom~ra~ic. 
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Fig. 3- Act iv i ty  of r ibi tol-5-P d e h y d r o g o n u e  as tt funct ion of r ibdlose-5-P concentratiort.  S tandard  
assay system ~ t t h  substrate  concantr&tion as indicated.  V -- ~ absorbamcy units a t  34 ° rata 

per rain. S ~ concent ra t ion  o f  r lbutose-5-P {M x ~o'), 

DISCUSSION 

A large number  of p~lyol d e h y d r o g e n e ~ s  have been described from various na tura l  
sources ~s, bu t  with one exception* all the penti tol  d e h y d r o g e n a - ~  appear  to  act  
on  t h e  f ree  s u g a r .  

In considering the biosynthesis of  ribitol-5-P in Line.bacillus pian~avum, the two 
obvious pc~sibilities were the reduct ion of  free ribose or ribulose to ribitol, followed 
by phosphorylat ion or a l te rnat ive ly  reduction of  the phosphoryla ted  pentose whic~ 
is t};e r e a c t i o n  t h a t  ha.~ b e e n  d e s c r i b e d .  W e  h a v e  b e e n  u n a b l e  t o  d e t e c t  a r i b i t o l  
d e h y d r o g e n a s e  in e x t r a c t s  o f  t h i s  o r g a n i s m .  

T h e  p r o c e d u r e  d e s c r i b e d  fo r  t h e  p r e p a r a t i o n  o f  r i b i t o t - 5 - P  d e h y d r o g e n a s e  h a s  

been reproducible, but different methods  of  preparing the  cell-free ex t rac t ,  such as 
the use of a sonic oscillator instead of a Nossal shaker, have given ex t rac t s  wi th  
much lower act ivi ty  and sometimes completely inactive extracts  were obtained.  
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